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This paper describes the cloning and characterization of a new member of the vascular endothelial growth 
facror (VEGF) gene family, which we have designated VRF for VEGF-related-factor. Sequencing of cDNAs 
from a human fetal brain library and RT-PCR products from normal and tumor tissue cDNA pools indicate 
two alternatively spliced messages with open reading frames of 621 and 564 bp, respectively. The predicted 
proteins differ at their carboxyl ends resulting from a shift in the open reading frame. Both isoforms show 
strong homology to VEGF at their amino termini, but only the shorter isoform maintains homology to 
VEGF at its carboxyl terminus and conserves all 16 cysteine residues of VEGF 16S . Similarity comparisons of 
this isoform revealed overall protein identity of 48% and conservative substitution of 69% with VEGF I89 . 
VRF is predicted to contain a signal peptide, suggesting that it may be a secreted factor. The VRF gene maps 
to the DIIS7S0 locus at chromosome band \\q\l, and the protein coding region, spanning -5 kb, is comprised 
of 8 exons that range in size from 36 to 431 bp. Exons 6 and 7 are contiguous and the two isoforms of VRF 
arise through alternate splicing of exon 6. VRF appears to be ubiquitously expressed as two transcripts of 2.0 
and 5.5 kb; the level of expression is similar among normal and malignant tissues. ■ 



Vascular endothelial growth factor (VEGF), also 
known as vascular permeability factor (VPF), is a 
secreted, coyalently linked homodimeric glyco- 
protein that specifically activates endothelial tis- 
sues (Kecket al. 1989; Leung etai. 1989; Sengeret 
al. 1993). This factor is involved in a variety of 
physiological processes, including normal angio* 
genesis, formation of the corpus luteum (Yan et 
al. 1993), placental development (Sharkey et al. 
1993), regulation of vascular permeability (Sen- 
ger et al. 1993),.inflammatory angiogenesis (Sun- 
derkotter et al. 1994), and autotransplantation 
(Dissen et al. 1994), as well as pathological con- 
ditions such as tumor-promoting- angiogenesis 
(Plate et al. 1992; Christofori et al. 1994), 

VEGF is a distant relative of the platelet-' 
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derived growth factor (PDGF) gene family with 
many of the cysteine residues involved in dimer- 
ization of these proteins conserved in position 
(Leung et al. 1989; Keck et al. 1989). A more 
closely related homolog of VEGF is placenta, 
growth factor (P1GF) (Maglione et al. 1991), 
which shares 39% amino acid identity and 62% 
conservative substitution. Furthermore, VEGF 
and PiGF contain 8 cysteine residues in homolo- 
gous positions, occur as dimeric proteins, and are 
therefore likely to have similar tertiary structures 
(Maglione et al. 1991). VEGF and PIGF have been 
found to occur together as heterodimers in vivo 
(DiSaivo- et al. 1995). No other closely related 
homologs of the two proteins have yet been 
reported. 

While attempting to identify candidate genes 
for multiple endocrine neoplasia type 1 (MEN1), 
which maps to chromosomal region llq!3 (Lars- 
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CLONING A NOVEL HUMAN VEGF-RELATED GENE 



son et al. 1988), we isolated a 
panel of cDNAs using cosmid 
cCLGW4 (D11S750) known to 
map to this region (Larsson et a I. 
1992). This cosmid was found to 
contain two previously described 
genes, PLCB3 (Weber et ai. 1994) 
and FKBP2 (Grimmond et al. 
1995), as well as novel genes (La- 
gercrantz et al. 1995a,b). Here we 
describe the cloning and charac- 
terization of a differentially 
spliced gene from the D11S750 lo- 
cus, encoding a protein that we 
have designated VRF (VEGF- 
related factor), that has striking 
sequence homology with VEGF. 

RESULTS 

Cloning of VRF cDNAs 
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The original VRF cDNA, termed 
pSOM175, was isolated by screen- 
ing a human fetal brain library 
(Stratagene) with the. cosmid 
D ITS 750;. ( La rs^rv Vt 1199 2) v ■ 
c D N A I ib r a ry 1 s c r e en i hg '. w i th; 
pSOM 1 75 recovered., several par-„- 
t i a 1 but o v er 1 a pp i hg " c D rj* A,s- f o r 
VRF. A composite sequence of the 
entire coding region was deter- 
mined and found to r consist of ; a : \ 
621 -bp open reading frame (ORF), 
412 bp of 3' untranslated region 
(UTR),and 2 bp of 5' UTR (Fig. 1, 
GenBank accession no. U43368). 
Attempts to isolate cDNAs with 
longer 5' UTRs were unsuccessful; 
therefore, the corresponding re- 
gion from genomic DNA was 
sought. An 850-bp Psti restriction fragment from 
cosmid cCLGW4 (D11S750) (Larsson et al. 1992), 
which contained exon 1 and an undetermined 
amount of the 5' UTR, was cloned and partially 
sequenced, from- which -60 bp of the 5' UTR im- 
mediately upstream of the initiation codon was 
determined (GenBank: accession. no. 043370). To 
confirm that the sequences upstream of the ATG 
were 5' UTR, an ExoIII deletion subclone of this 
region (corresponding approximately to nucle- 
otide positions -250 to -750 with respect to the 
initiation codon) was used to screen Northern 



GAAGGTG^cacaeggcttttcagactcagcagggtgacctgcctcagaggctatatcicca 
R R ' 



167 



gugggggaacaaaggggagcctggeaaaaaacagccaagcccccaagacctcageccagg 
cagaagctgctctaggacctgggccectcagagggctcttctgccatccctxgtccccct 
gaggccatcatcaaacaggacagagttggaagaggagactgggaggcagcaagttggggtc 
acacaccagctcaggggagaaCggagtactgtctcagCCtcCaaccactcCgtgcaagta 
agcatctcacaactggctctcccccccctcactaagaagacccaaacctctgcataatigg 
g a t c t gggc 1 1 1 gg t a caagaac t g t gacccccaac c c cga caaaagaga t ggaaggaaa 
aaaaaaaaaaaaaaaaaaaa 



" Figure 1 Nucleotide~and predicted peptide sequences of VRF derived 
frorn.the cDNA done pSOMl 75 (nucleotides -2. to poly(A) tract) or ge- 
nomic DNA (nucleotides -60 to. -3- inclusive). The numbering of nucle- 
' otides is given at left starting from the: A of the initiation codon. Amino 
acids are numbered at right, starting from the first residue of the predicted 
mature protein after the putative signal peptide has been removed. The 
alternately spliced region is double underlined, and the resulting peptide 
sequence from each mRNA is included. Start and stop codons-are under- 
lined. The positions of intron/exon boundaries are indicated by inverted 
arrowheads. 



blots. Bands corresponding in size to messages 
obtained with VRF cDNA probes were observed 
(data not shown). 

The putative start codon (Fig. 1) matches the 
vertebrate consensus sequence [(GCC)GCC|A/ 
G1CC ATG G1 described by Kozak (1987). Further- 
more, based, on VRF's homology to VEGF (see be- 
low), this ATG is likely to represent the genuine 
translation start site. However, in-phase stop 
codons were not identified upstream of this site. 
An out-of-frame ATG is located at position -37 
but is not part of a Kozak consensus sequence. 
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conservation of several distinct regions located to- 
ward the carboxyi-terminus of the protein (Fig 2) 
The predicted peptide lengths for the nvo 
^ S ° form * < Fi S- 1) and the four isoforms of 
VEGF (Houck et aL 199 1) are similar, and a region 
homologous to the signal peptide at the amino 
terminus of- VEGF (von Heijne 1986; see Fig 2) is 
also present in both VRF isoforms. The nomen- 
clature of the VRF isoforms has. been derived as- 
suming that the signal peptide is cleaved from 
the preprotein in the same place as VEGF (Keck et 
al. 1989; Leung, et al. 1989), thatis, after alanine 
21 in VRF or alanine 26 of VEGF (Fig. 2). Cysteine 
residues were found to be highly conserved be- 
tween VRJ 167 and other members of the VEGF 
gene family. Both VRF isoforms contained the 8 
cysteines maintained among VEGF; PIGF, and 
the PDGFs, but an additional 8 cysteine residues 

Zrt C ° nS ; rV : ed amon * VRF *67, VEGF 189 , and 
i IOF, all of which were located within the diver- 
gent carboxy-terminal end of VRF 167 . The "strik- 
ing conservation of number and position of these 
residues suggests that these three proteins are 
likely to have very similar tertiary structures. 



The 3' end of the cDNA contained a long poIy(A) 
tail that was not preceded by a canonical polya- 
denylation signal (AATAAA) (Birnstiel et al 
1985); a related sequence, GATAAA, is -18 nucle- 
otides upstream of the poIy(A) tail (Fig. 1). 

A- second isoform of VRF [designated VRF lfi7 
m keeping with the nomenclature for VEGF (Tis 
cher et al. 1991; Houck et al. 1991) whereby the 
isoforms are identified by the amino acid lengths 
of the mature proteins once the signa'i peptides 
have been cleaved from the NH 2 -termini] was 
identified after sequencing PCR products gener- 

d? J£ m hUman fGtal brain cDNA ****** ™* 
v« PCR P r ° dUCtS frQm a renaI cell carcinoma. 
v ***i67 (GenBank accession no. U43369) differs 
from VRF I8fi as a result of a iQl-bp deletion be- 
tween positions + 411- + 511 (inclusive) in the 
cDNA encoding the latter (Fig. 1). This not only 
deletes -33 amino acids from within VRF 186 but 
also results in a different carboxy-terminal pep- 
tide sequence through the introduction of a 
frameshift within the ORF that terminates at a 
new site downstream of the stop codon utilized - 
in generating VRF 186 . 

- . Several peptide regions within VEGF that are 

Comparison of VRF isoforms to the VEGF Family - believ ed to be associated with protein dimeriza 

: .The' nucleotide sequences* and prealcted' trans la- • - ^fa™^""* betWCn VEGF and both VRF 
-tion products of l^cD^ >™ * *°molpgy 

pared against: peptide?^ regl °" S l °T* d m the mature P^tein after 

- with BLAST. "o'r- expressedSe^ (PSCVxxxRCGGCCxDx- 
(ESTs) (GenBank accession no^^S^^^^^^^ ™« l0U107 (CECRPKK) of VRF.. In 
R56770, T08411) . were identified^ havihg re^" ' 
gions of identity with ^..Significant h6mblogy ^ 
was observed with VEGF and" other V . ■ -f . ^ 
gene family members. Nucleotide 
alignment of the respective cDNAs re- 
vealed regions of sequence identity on 
the order of 59% (124/212 bp). The 
amino acid homology between 
V RF I86 and VEGF t89 was 32% identity 
and 49% similarity over the entire 
peptide. However, it was notable that 
no similarity was observed over the 
carboxy-terminal quarter of the pro- 
teins. Sequence alignments of the 
v ^i67 isoform showed greater overall 
similarity to members of the VEGF 
gene family than VRF l86 . Peptide ho- 
mology comparisons revealed 48% 
identity and 69% similarity between 
VEGF .and VRF 167 , respectively. This 
increase in VEGF homology relative to 
VRF i86 was attributable to additional 



addition, V-RF M7 . also displays homology* to 

3 J n he ? xtreme - carboxy-terminal- end 
(TCRCxKxRR; amino acids 159-167). ' 



■ VRFL57 
VEGF189 
VRF16 7 
VEGF 189 
VRF167 
VECF189 
VRF167 
VEGF189 
VRF1S7 
VEGFX89 

Figure 2 



-21 ^a^--^^ 24 

-2S MWMWISLtLl* ^ 
25 TCQPREVyyPLTVEZ^MGTVAKQLVyscy^ ? , 

75 I19 

120 LCPRCTQHHQR . . . PDPRTCnCRCRRRSFLRCQGR 151 

125 WU^Kfms^ m 

152 GLELNPDTCRCRKLRR 167 

Mil III! I II 
174. QLEXNERTCRCDKPRR 189 

Homology comparison between VRF, 67 and VEGF, oa Deo 

?ECF s Xnti^ The ar ™ :™ rks the signat ^ d™i*£* 

«2i- ,dent ' C fl amino j» a * are indicated by vertical bars and con- 
servative subsmupons by colons. The numbering of amino acids is * s 
described in the legend to Fig. 1 . . 
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Figure 3 Genomic restriction map (B, E, and N represent restriction sites BamH\, EcoR\, and No tl, respectively) 
and intron/exon structure of the Vtffgene together with its orientation relative to other genes within cosmid 
cCLGW4 (D11S750). Sizes of introns and alternatively spliced RNAs are indicated. 



. The putative heparin binding clusters located 
* at jpbsitions 121-135- of mature; VEG-F- (Leung et 
al: 1989) are not. conserved within.' the; VRF iso- 
fprrns. However, a noncontiguous, clustering of 
basic residues located at the far carboxyl terminus 
of the VEGF 12 1 peptide, which is believed to ac- 
count for its heparin binding ability- (Cohen et al.« 
199S)i. is present in VRF lft7 . ; - ^ - ■■: • "." .-"*•■■ 



Characterization of the VRF Gene 

We have shown above that the VTlFgene is alter- 



Table 1. Intron/Exon Boundaries of the Human VRF Gene 




l 


<Xbp») 


GCCCAG gtacgzgegg 


Iatron I (564bp) 


cctcccacag GCCCCT Exon 


2 


<43bp) 


GGAAAG gcaaCaccca 


Intxon. II (313bp) 


ctgctcccag TGGTGT Exon 


3 


(197bp) 


ATGCAG gtcctgggca 


Intron III (246bp) 


ccgagcacag ATCCTC Exon 


4 


(74bp) 


ATGCAG gcgccagcca 


Incron IV <-600bp] 


tactttccag ACCTAA' Exon 


5 


(36bp) 


ACACAG gtgagccttt 


Inxroa V (184bp) 


tectccctag. GGCTGC Exoa 


6. 


.(lQlbp) 




{No InCron) 


CCCACTCCAG CCCCAC Exon 


7 


tl3Sbp) 


CTGCAG gtgaggcgtc 


Iatron VI (-800bp) 


ccccccccag GTGCCG Exoa 


a 


(431bp) 


GGAAGG 




Upper- and lowercase letters denote exonic and intranic sequences, respectively. 
'The 5- end cf exon 1 has net yet been determined. 



nately spliced to yield two major mRNA and pro- 
tein isoforms, From establishing, the intrbn/exon 
structure 'of the protein- coding region-of this 
gene„ (Fig ; VJ;,iTabIe i; I^ we- have, found that, the 
VRF , 67 , isdfbrmv is - generated, by; the*. removal of. 
exon 6 from pre^rnRNA" prior to translation (Fig. 
3): Thehypothesis^hat^R^^ 
derived* by' alternate, splicing' of' VRF c khd hb Fan- ' 
other closely related: gerTe "was i further 'confirmed 
by hybridizing a VRF cDNA to Southern blots of 
human genomic DNA. As the genomic region of 
the VRF gene had been restriction mapped previ- 
ously (Fig. 3'), genomic DNA was 
digested with restriction en- 
zymes (EcoRl, BamHl) that were 
known not to cut within VRF, 
hybridized with pSOM175-6, 
and revealed a single band of the 
expected size. The VRF gene was 
also mapped against a human- 
hamster hybrid panel, confirm- 
ing single-gene copy number 
and localization. to tlq-13. (data, 
not shown). 

The strong conservation of 
exon/intron organization be- 
tween members of the VEGF 
family (Houck et al. 1991; Tis- 
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Cher et al. 1991) was similarly 
extended to the genomic 
structure of VRF. In nearly ev- 
ery case, the exon/intron 
boundaries (Table 1) were 
found to be in the same loca- 
tion as the VfGFgene. The ex- 
ception was exon 6 of VRF, 
which was contiguous with 
exon 7 (i.e., no intervening 
sequence but conservation of 
the exon/intron boundary po- 
sition), This suggests that: 
exon 6 in the VRF gene is de- 
rived from a partially retained 
intron. 

Orientacion of the VRF Gene 



kb 

9.5- 
7.5- 

■4.4- 



2.4 — 



1.35 — 




The location and orientation 
of the human VRF gene (Fig. 
3) within cosmid cCLGW4 
'(the D11S750 locus), which 
maps to chromosome llq!3 
(Larsson et al. 1992), was de- 
termined by PCR between 
prime'rs from either end of the 
VRF cDNA and a primer lo- . - 

cated within the 5' end of FKBP2. Only an exon 
7-specific VRF primer and a. primer within the 5' 
UTR of FKBP2 gave a specific'amplification prod- 
uct using both genomic- DNA and cCLGW4 as 
template. - Direct sequencing- of the termini con- 
^•firmed the specificity^ no t 
'shown). ~ "V";- '. 

Expression Studies of VRF 

Northern blot analysis of a total of 20 normal 
human tissues as well as cultured fibroblasts and 
lymphoblastoid cell lines revealed- that VRF. was 
expressed in all samples studied, with no obvious 
predominance in any tissue after normalization 
with GAPDH (Fig. 4A). Two bands of 5.5 and 2.0 
kb were visible in all samples assayed. We as- 
sessed VRF expression in normal endocrine tis- 
sues, an insulinoma, and a medullary thyroid car- 
cinoma. VRF was expressed in all samples, al- ' 
though the level in both tumors, was reduced by 
50% which corresponded to the loss of one chro- 
mosome 11 allele (Weber et al. 1994). Because 
VEGF has been shown previously to be overex- 
pressed in highly malignant tumors (Plate et al. 
1992) we assayed levels of ra/mRNA in a panel 



118bp 

GAPDH ^ 

ShEot*^ mUltipIe ti5SUe Northern blot hybridized 

with the VRF cDNA clone pSO.MI 75. Size markers arP inH.v^H 

rnn JT h °* H ^ ^ ^ deteCted " * ^mptesT R«ulto of 

control hybndizabon of the same blots using GAPDH cDNA are included in the 
panel (5 RT-PGR of alternative splice forms of VRF in normal human 
tissue mRNAs. Lane 7) Size markers (OX174 DNA cut with Horfll); (lanTT) 

Sane eTs^lanT ^ 6 3) ."T^ ^ 4) ml ^ «™ « nomS 

pancreas; (lane 6) normal colon. 



of 11 glioblastomas; 13 metastasizing and 12 
nonmetastasizing breast carcinomas^ and 34 re- 
nal cell carcinomas. Compared with -"their normal 
counterparts or nonmalignant cell lines, elevated - 
transcription was hot found in any" of the tumors^ - 
'"" As it "was- not possible" to- 'differentiate- be- V 
tween the alternately spliced yRF U6l and VRF l6 • ; 
mRNAs by Northern analysis owing to the small 
size difference (101 nucleotides), RT-PCR was 
performed to confirm further the presence of 
both messages in normal and tumor, tissues. A 
region corresponding to the carboxy-terminal ' 
end of the ORF (nucleotide positions + 362- 
+ 590; see Fig. 1) was amplified from a panel of 
matched human normal' tissue/tumor mRNAs 
with two major products being identified (Fig. 
4B). Direct sequencing of these products con- 
firmed that they represented the two different . 
VRF isoforms. 

DISCUSSION 

We have cloned and characterized a new member 
of the VEGF gene family, which we have desig- 
nated VRF. The strong homology between V£GF, 
PIGF, and VRF reflects conservation of structural 
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motifs important for peptide function (i.e., 
homo/heterodimerization and heparin binding). 

As yet, the various roles of VRF in vivo re- 
main to be elucidated. We have shown here that 
VRF possesses strong homolgy to several angio- 
genic factors, and investigations into its effect on 
endothelial cell function are ongoing. Further- 
more, its ubiquitous expression pattern suggests 
that its role may extend beyond the endothe- 
lium. In light of the recent report- that VEGF and 
P1GF form heterodimers in vivo (DiSalvo et ah 
1995), it is possible that VRF may also interact 
with one or both of these factors in a similar fash- 
ion. As VRF proteins have divergent carboxy- 
terminal ends, with the longer isoform lacking 
some of the motifs involved in VEGF stability 
and function, it is tempting to speculate that this 
isoform could act as an antagonist/regulator of 
the shorter isoform. ^ 

Recent studies of VEGF function have re- 
ported the importance of heparin binding that is 
involved in dimerization and transport and as- 
sists in binding of the protein to some receptors 
such as fltl (Gengrinovitch et ai. 1995). One of 
the major heparin binding domains (basic cluster 
of. residues at position. 121-135; see Fig. 2) of 
-VEGF (Leung et al. 1989; .Ferrata,et^aL,:1992)r is^ ■ 
absent from both VRF isorormsCHipw^veV^yRF^v^ 
may still be capable of heparin binding through J 
region of basic amino acids at its carboxyl^erTnr^i 
nus, provided the tertiary structure of the' p rote fh^^ 
-allows the clustering of these noncontiguous"-- 
residues. . ...v-^.v-: $jii^^Jj r 

The strong sequence homology between 
VEGF, PIGF, and VRF reflect conservation of ge- . 
nomic structure between their genes with a sim- 
ilar number of exons, near identical intron/exon 
borders, and the existence of alternately spliced 
mRNA,. particularly involving exon 6. One signif- 
icant difference between VRF and the other VEGF 
gene family members is that the alternately 
spliced messages of VRF reported here give rise to 
proteins with different carboxyi termini. We 
show that this phenomenon arises through the 
retention or deletion of exon 6. Retention of in- 
tervening sequences in mRNA has been docu- 
mented as a post-translational regulatory mech- 
anism in several genes Including P-txansposase in 
Drosophila (for review, see Maniatis 1991) and bo- 
vine growth hormone pre-mRNA (Dirksen et al. 
1995). The retention of an intron that results in a 
frameshift and different carboxyi termini is an. 
uncommon phenomenon but has been reported 
recently for the [31 -adrenergic receptor in the tur- 



key (Wang and Ross 1995). In the case of 0-adren- 
ergic receptor, intronic retention gives rise to' two 
receptor types and is involved in providing tissue 
specificity. The mechanisms' that control intron 
retention in pre-mRNAs have been studied for 
some genes and involve specific splicing repres- 
sor factors (for review, see Maniatis 1991). Thus, 
studies to determine the possible role of such 
factors in regulation of the VRF gene appear 
warranted. 

While the elucidation of all the possible roles 
of VRF continues, it is tempting to speculate that 
the two VRF protein isoforms act in an antago- 
nistic or self-regulatory manner, similar to that 
reported for the turkey P-adrenergic receptor iso- 
forms (Wang and Ross 1995). 

the genomic localization of VWat D 115750 
places it within a 900-kb region known to con- 
tain the MEN1 gene (Weber et al. 1994). In a large 
panel of tumors of endocrine and nonendocrine 

' origin, a reduction in expression of VRF was only 
observed in those endocrine tumors known to be 
hemizygous for chromosome llq, suggesting 

. this was a gene dosage effect. Although VRF has 
not yet been excluded as a MEN1 candidate by 
mutation analysis, its putative role as a growth 

-factor makes it an unlikely candidate for the 

; MEiVI tumor suppressor gene. 



^METHODS 



cDNA Cloning Sequencing, and Analysis" 

Screening of a human fetal brain library (Stratagenei with 
the cosmid Dl 1S750 (Larsson et al. 1992) was performed as 
described (Viskbchil et al. 1992). The l.l-kb insert of 
SOM17S was used as. a probe to isolate other cDNAs from 
a human fetal spleen library (Stratagene). The isolated cD- 
NAs were sequenced on both strands using standard man- 
ual sequencing arid automated sequencing protocols 
(PRISM, Applied Biosystems, Inc.. model 373A>. Oligonu- 
cleotides, nested deletions (Erase-a-base, Promega), and 
specific cDNA subclones were generated to complete total 
cDNA sequences. PCR products generated from the cDNAs 
were first purified from agarose gels (Qiagex gel purifica-' 
tion columns, Qiagen) and then sequenced. Sequences 
were compared with the current GenBank data base at the 
National Center for Biotechnology Information (NCBI) us- 
ing the BLAST algorithm (Altschul et al. 1990). Peptide 
homology alignments were performed using the program 
BESTFIT (GCG Wisconsin). 



Northern. Blot Analysis 

Multiple tissue Northern blots (Clontech) containing 
poly(A)* RNA from heart, brain, placenta, lung, liver, skei- 
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etal muscle, kidney, pancreas, spleen, thymus, prostate, 
testis, ovary, small intestine, colon, and peripheral blood 
leukocytes were used to determine expression of VRF in 
normal human tissues. Northern filters from renal cell car- 
cinomas and breast carcinomas were kindly provided from 
Drs. Ulf Bergerheim, Moraima Zelada, and Esther Schmidt. 
The extraction of poly(A)* UNA from normal adrenal, pan- 
creas, thyroid, parathyroid, kidney, fibroblasts, lympho- 
blastoid cell lines, and endocrine tumors, the preparation 
of blots, and the hybridization conditions with cDNA 
probes were performed as described (Weber et al. 1994). 



RT-PCR 

Total RNA was isolated from a pane! of human tumors and 
matching normal tissues (colon, lung, liver, kidney, pan- 
creas), and cDNA synthesis reactions were carried out us- 
ing 5 Hg of RNA, random hexamers, and AMV reverse tran- 
scriptase (Prornega) following methods recommended by 
the manufacturer. Five hundred, nanograms of reverse- 
transcribed cDNA mixture (1 ul) was used in a PCR reac- 
tion to detect possible alternately spliced messages. Alter- 
natively, ! \i\ of high titer (>I0 9 PFU/rni) cDNA library 
lysate was used as a template. The primers were 362F (5'- 
AGTGTGAAT'GCAG ACCT-3') and S90R (5'- 
GCCTCGGCAGCCCCAGCGG-3'). PCR products were vi- 
sualized after electrophoresis through high percentage 
(3%) agarose gels stained with ethidium bromide. Alter- 
nately spliced products were confirmed by direct sequenc- 
ing as described above. 



Genomic Sequencing and- facron/Exon Happing of 
_the VRF Gene ", • y^v^;.^ 

Cosmid CGLGVV4 (Larsson et al. 1?92) ; was- used' aileni- ^ 
plate and sequenced on both strands using both.' manual* 
dideoxy sequencing methods and automated. fl'uocescentIy > - 
labeled "dye terminator" "(PRISMA Appnctf : Bjos^;s.te r ihs7"" 
(nc.) cycle sequencing as r described above, except. that 2 ug : 
of cosmid template and 20 pmoles of primer were used in 
each reaction. PCR products from genomic DN'A were also 
sequenced using dye terminator cycle sequencing after pu- 
rification of products from agarose gels using Qiagex gel 
purification columns (Qiagen). An oligonucleotide (19F, 
5'-CGCCTGCTGCTCGCCGCACT-3') was made to a region . 
corresponding to- nucleotides 19-38 with respect to the 
initiation codon, end-labeied with fr- 12 ?] dATP, and hy- 
bridized to a Southern blot of a series of shotgun-cloned 
PscI restriction fragments from cosmid cCLGW4 subcloned 
into pBluescript KS- (Stratagene). A single hybridizing 
clone with an 850 bp insert was sequenced on both strands 
as described above. 

Intervening sequences were located by sequencing of 
cosmid cCLGW4 (Larsson et al. 1992) using oligonucle- 
otide primers from the VRF cDNA sequence determined 
above. Comparison of cDNA and cosmid sequences- re- 
vealed the exact location of each exon/intron boundary. 
The size of each intron was then determined by PCR am- 
plification using flanking exonic primers and cCLGW4 or 
genomic DNA as template. Amplified products were gel 
purified and directly sequenced to confirm intron/exon 
boundaries. The intron sizes were determined either by 



complete sequencing of the intervening sequence or esti- 
mated by electrophoresis through high percentage agarose 
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We describe here the molecular cloning and characterization uf the murine hnmulog of the human vascular 
endothelial growth factor- rclaied factor ( VRF\ gene. cDNAs for two alternatively spliced forms of the murine 
I'r/sene have been isolated, ihc putative translation prcxJuct.s of which differ at their carboxyl termini due to a 
shift in reading frame caused by insertion, or lack thereof, of exon 6. in a similar fashion to human VRF (hVRFj. 
The message lacking e.\on 6 encodes a protein (mvrf „-) with HftOf identity and 929f conservation of ;imino acid 
residues with hVRF. The protein coding region of the gene spans jpproximately 5kb of genomic DNA and i> 
composed of H ctons ranging in si/e from .16 to 398bp. The genomic structure of murine i-rf'is highly conserved 
with the human homolog in relatiim to position of splice junctions and the presence of contiguous exons A and 
7. A short polymorphic AC repeat is present in the 3' untranslated region of murine vrf. A major hand of 
apnrotim:iiely l.3L;h was expressed in ill! adult mou.se tissue:* examined. >. irm Academic i'iv«. inc. 

Angiogenesis is an important physiological process in embryonic development, somatic growth, 
wound healing, tissue and organ regeneration and cyclical growth of the corpus lutcum and 
endometrium [reviewed in 1. 2|. The growth and differentiation of capillary vessels is a complex 
process in which endothelial cells migrate, proliferate and are involved in degradation of the 
extracellular matrix and tube formation. The formation of capillaries is also associated wiih a 
number of pathological conditions which include tumor growth |3-5|. diabetes- related retinopathy 

' [6 1; atherosclerosis and rheumatoid arthritis [7|. Vascular endothelial growth factor (VEGF).. is a. 
mitogen that is highly selective for endothelial ceils [.8. 9], and belongs. to a family of growth 

. factors that includes platelet derived growth factor (PDGF) :- A. and PDGFlB- ^ 
growth factor (PIGF) [10]. Native VEGF is normally found as a Horhodi'mer ahdrfsyonefof tte r 
ligands for the Jlr/flk family of receptor tyrosine kinases., found on the: surface * of- vascular endo^ 
theliai cells [reviewed in II. 12|. Heterodimers of VEGF and PIGF were identified recently in vtyor 
and found to be mitogen ic [13|. . * . . .. V' : :.Iv 

The VEGF transcript is differentially spliced to produce four distinct peptides that have variable 
biological properties arid activities [reviewed in 14. 15|. We recently cloned and characterized a 
gene from humans that encodes. a VEGF-related factor (VRF) 1 16|. Human VRF (hVRF) tran- 
scripts are alternately spliced with two major isoforms (hVRF IiU) and hVRF lft7 ) being present. The 
smaller isoform (hVRF,^) lacks an 10 1 bp exon (exon 6) and maintains strong amino acid sequence 
homology to VEGF throughout the peptide while the larger message possesses a divergent alanine- 
rich carboxyl terminus. In this report we describe the isolation of the homologous gene from mouse 



Sequences presented in this article have been submitted to the GENBANK database and appear under accession numbers 
U43H36 and U43837. * 

1 To whom correspondence should be sent at Queensland Institute of Medical Research. P.O. Royal Brisbane Hospital. 
Herston 4(129. Australia. Fax: <6!) 7 3362 0107: E-mail: nickH@qimr.edu.au. 

Abbreviations: hVRF - human VEGF- related factor. mVRF - murine VEGF-related factor. PDGF - platelet derived 
growth factor PIGF - placenta growth factor. UTR * untranslated region: VEGF - vascular endothelial growth factor. \HF ; 
- human VEGF-related factor gene: vrf murine VEGF-related factor gene. 
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which likewise encodes two m. 
exon 6. 



Isolation ofcDNAs. Murine vrf clones 
Primary phage from high density fillers i 
generated hy PCR from an human VRFq 
t»f nylon membranes i Hybond-N ) were t 
plaques were picked, purified and excise 

Isolation of genomic clones. Genomic 
II vector l S Irate gene). High density filte 
PCR amplification of the nucleotide 233 
re -screened with filters containing 400- 
kit or by ZnCU purification 1 

Sitcfeotide sequencing ami analysis, c 
primers with Applied Biosysiems Inco 
vrx-ci Ilea lions. Sequences were analyzed 
were performed using the program BEf 

Identification of intran/e.\on fanmdat 
PCR with mouse genomic DNA or mui 
inirons were derived from the human V 
annealing temperatures 5-l0 3 C below i 
phoresis and gel purified using QlAquii 
Iron; these products, in addition, .some : 
exoo boundaries were identified by con 

Northern analysis. Total. cellular RN 
liver, muscle) using the method of Choi 
a nylon membrane (Hybond N. Amersh 
0.1 x SSC (20 x SSC is 3M NaCW).3M 
ai -70'C for 1-3 davs. 



Characterization of Murine vrf 

Murine vrf homotogs were i: 
cDNA clone. Five clones of si 
cDNA sequences were compile* 
open reading frame- (621 bp or 
(379bp), as well as I S9bp of th 

The predicted initiation codot 
other ATG codons (positions 
upstream and out of frame with . 

The predicted N-terminal sig: 
identity (17/21 amino acids.). Pi 
(Fig. 2). These data suggest thai 
as a growth factor. 

As with hVRF, two open rei 
screening. Four of five clones 
number U43837) and lacked « 
predicted peptide sequences of 
corresponding human isoforms 

The message encoding mvrf 
position +622, towards the end • 
terminates downstream of the +t 
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which likewise encodes two major protein isoforms which arise through alternative splicing of 
exon 6. 

MATERIALS AND METHODS 

Isolation of cDNAs. Murine vrf clones were selected from a lambda Zap new horn whole hrairi cDN A library (Siratagene). 
Primary phage from high density filters (5 x KJ 4 pfu/platej were identified by hybridization with a 6«2np * 2 P-labelIed probe 
; jencraietJ by PCR from an human VWcDNA (pSOM 175) as described previously I !6|. Hybridization and stringent washes 
hi "nylon membranes (Hybond-N) were carried out at 65 C C under conditions described by Church and Gilbert 1 17|. Positive 
plaques were picked, purified and excised in mv* to produce bacterial colonics containing cDNA clones in p8luescripl SK-. 

Isolation (tfxtnotnic dunes. Genomic clones were isolated from a mouse strain SV/129 library cloned in the lambda Fix 
II vector (Slralei!enel. High density fillers (5 x lt) J pfu/filter) were ^rccnc-tl with a Sfi.lhp *-P-lahelled prune generated by 
. PCR amplification of the nucleotide 233-798 region of the murine ivfeDNA (see Fig. 1 ). Positive clones were plugged and 
rc-screened with fillers containing 400-800 pfu. Large scale phage preparations were prepared using the QlAGEN lambda 
til tir by 7jiCI : purification 1 181. 

\'udeotide sequencing ami analysis. cDN As were sequenced on both strands using a variety of vecior-ha>ed and internal 
pnmers with Applied Biosystetns Incorporated lABI) dye terminator sequencing kits according to the manufacturers 
specifications. Sequences were analyzed on an ABI Model 373 A automated ON A sequencer. Peptide homology alignments 
■"" *crc performed using the program BESTRT (GCG. Wisconsin). 
: identification of intrtin/exun boundaries. Identification of exon boundaries and Hanking regions wa> carried out using 
PC R * i,n mouse genomic DNA or murine vrf genomic lambda cluncs as templates. The primers used in PCR to identify 
£f£:' introns were derived from the human VRF sequence [16| and to allow for potential human-mouse sequence mismatches 
. \ iy innealing temperatures. 5- 10 C C below the estimated T m were used. All PCR products were sized by agarose gel electro- 
phoresis and gel purified using QIAqiiiek spin columns (Qiagen) and the intron/exon boundaries were sequenced directly 
^^ftum these products, tn addition; some splice junctions were sequenced from subcloned genomic fragmenis of vrf. Intron/ 

arm boundaries were identified. by comparing cDNA and genomic DNA sequences. 
' C: Sort hem analysis'. Total: cull u lur R N A- was prepared L fronv a panel-of - fresh- normal adult-niousc- tissues -f brain.- kidney . 

liver; muscleii using the method of Chomczynski- and Saechi | I9|. 20jxe of totalRNA were electrophorescd transferrcduo - 
W nylnn membrane (Hybond N. Amcrsham) and hybridised under standard conditions ( K7|.. Fillers were washed:ar 65"C"in 
"IT 0.1 x SSC (20.x SSC is 3M NaCIAUM trisodium citrate;. ().!# SDS and exposed to X-ray film with in icasifying screens 
'\ at -7I)°C for 1-3 days. 

f RESULTS AND DISCUSSION 

' Churacterizutuin of Murine vrfcDNAs 

" Murine vrf homologs. were isolated by screening a murine cDNA library with a human VRF 
■j cDNA clone. Five clones of sizes varying from 0.8-l.5kb were recovered and sequenced. The 
I cDNA sequences were compiled to give a full length I233bp cDNA sequence covering, the entire 
* open reading frame (62 1 bp or 564bp depending on the splice form, see below) and 3' UTR 
\ (379bp), as well as I89bp of the 5' UTR (Fig. 1, GENBANK accession number U43836). 
I The predicted initiation codon matched the position of the start codon in human VRF ( 16|. Two 
i other ATG codons (positions -34 and -80) and a termination codon (position -41) were observed 
..■ upstream and out of frame with the putative initiation codon. 

: The predicted N-terminal signal peptide of hVRF [161 appears to be present in mvrf with 81 C A 
I identity (17/21 amino acids). Peptide cleavage within mvrf is expected to occur after residue 21 
(Fig. 2). These data suggest that mature'mvrf is secreted and could therefore conceivably function 
as a growth factor. 

As with hVRF, two open reading frames (ORFs) were detected in cDNAs isolated by library 
screening. Four of five clones were found to be alternatively spliced (GENBANK accession 
number U43837) and lacked an lOlbp fragment homologous to exon 6 of hVRF [16]. The 
predicted peptide sequences of the two isoforms of mvrf were determined and aligned with the 
corresponding human isoforms (Fig. 2). 

The message encoding mvrf, ;(& contains a 62 1 bp ORF with coding sequences terminating at 
position +622. towards the end of exon 7 (Fig. 1). The smaller message encoding mvrf l67 actually 
terminates downstream of the +622 TAG site due to a frame shift resulting from splicing out of the 
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cccaggccgtcgccgcggcgctgcgttgcgctgcctgcgcccagggctcgggagggggcc 
gcggaggagccgccccctgcgccccgccccgggtccccgggcccgcgccatggggctctg 
gctgccgccgccccccacgccgccgggctagggccacgcgggcgctcccggcctcgcccc 
cgcggcaccATGAGCCCCCTGCTCCGTCGCCTGCTGCTTGTTGCACTCCTGCAGCTGGCT 
KSPLLRRLLLVALLQLA 

CGCACCCAGGCCCCTGTGTCCCAGTTTGATGGCCCCAGCCACCAGAAGAAACTGGTGCCA 
RTQAPVSQFDGPSHQKKVVP 

TGGATAGACGTTTATGCACGTGCCACATGCCAGCCCAGGGAGGTGGTGGTGCCTCTGAGC 
WI.D-VYARA.TCQPREVVVPLS 

ATGGAACTCATGGGCAATGTGGTCAAACAACTAGTGCCCAGCTGTGTGACTGTGCAGCGC 
MELMGNVVKQLVPSCVTVQR 

-TGTGGTGGCTGCTGCCCrGACGATGGCCTGGAATGTGTGCCCACTGGGCAACACCAAGTC 
C G G C C P D D G L E C V P T G Q- H Q V 

T 

CGAATGCAGATCCTCATGATCCAGTACCCGAGCAGTCAGCTGGGGGAGATGTCCCTGGAA 
RMQILMIQYPSSQLGEMSLE 

▼ ▼ 

GAACACAGCCAATGTGAATGCAGACCAAAAAAAAAGGAGAGTGCTGTGAAGCCAGACAGG 
EHSQ-CECRPK'KKESAVKPDR 

GTTGCCATACCCCACCACCGTCCCCAGCCCCGCTCTGTTCCGGGCTGGGACTCTACCCCG 
~ A I P HHRP-QPRS V P G W D S T ~ ' 

GGAGCATCCTCCCCAGCTGACATCATCCATCCCACTCCAG CCCCAGGATCCTCTGCCCGC 
GAS S P .ADI IHPTPAPGS S A R 

S P R I L C P 

CTTGCACCCAGCGCCGTCAACGCCCTGACCCCCGGACCTGCCGCTGCCGCTGCAGACGCC 

LA P S AVNA-LT PG P A A A A ADA 
PC TQ R~ R Q 'R P DP R'TC RC R C RR 



GCCGCTTCCTCCATTGCCAAGGGCGGGGCTTAGAGCTCAACCCAGACACCTGTAdGTGCC 

A A S S I A EC G G A * ' . 

R R F L H C'QG RG L E L N P DT C R C 

GGAAGCCGCGAAAGTGAcaagc tgct t tccagac tccacgggcccgg'c tgc 1 1£ l*a tggc 

"K p r k .*'".... ' -v *■..' ^Xl l \'*- . 



cccgcttcacagggagaagagtggagcacaggcgaacctcctcagtctgggaggtcactg;. 
ccccaggacctggaccttttagagagctctctcgccatcttttatctcccagagctgcca' 
tc taacaa t tgccaaggaacc tea cgtc tcacc ccaggggccagggtac tctc tcact ta 
accaccctggtcaagtgagcatcttctggctggctgtctcccctcactatgaaaacccca 
aacttctaccaataacgggatttgggtcctgttatgataactgtgacacacacacacact: 
cacactctgataaaagagatggaagacactaacaaaaaaaaaaaaaaaaaaaaaaaa 
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186 
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167 



FIG.. I. Nucleotide and predicted peptide sequences derived from murine i/f cDNA clones. Numbering of nucleotide* 
is given on the left, starring from the A of the initiation codon. Amino acids arc numbered mi the right, siuninu from the 
first residue of the predicted mature protein after the putative signal peptide has been removed. The alternately spliced 
region is double underlined and the resulting peptide sequence from each mRNA is included. A potential polyadenylaiinn 
signal is indicated in boldface. Start and stop codons of mv'rt' lft7 and mvrf 1M , arc underlined and a polymorphic AC repeat 
in the 3' UTR is indicated by u stippled box. The positions of intrun/exon boundaries are indicated by arrowheads. 

10 1 bp exon 6 and the introduction of a stop codon (TGA) at position +666, near the beginning of 
exon 8 (Fig. I ). 

• The mvrf lli6 protein has strong homology to the amino and central portions of VEGF" while the : 
carbcixyl end is completely divergent and is alanine rich. The mvrf, 67 possesses these similarities 
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,-; PIG.. 2. BESTF1T alignments of human and murine VRF protein isoforms. (A).mvrf, ft7 and hVRff,^ 7 . (B) nivrfl^ and 
\ tVRF )MI , from the poinl where Ihe sequences diverge from (he respective 167 amino acid isoforms. Amino acid idenrilies 
.' jk marked wiih vertical bars and conserved amino acids with colons. An arrow marks the predicted signal peptide cleavage 
i &:ie of human and murine VRF. 
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FIG. J; Bl£STFn\ alignment of mvrf tM and. mvegf, „„ |20| protein sequences. An arrow marks the signal peptide 
-•(ravage site of "mvegf. Identical amino acids are indicated by vertical bars and conservative substitutions by colons. 
Numbering of amino acids is a> described in the legend to Figure I. 
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TABLE I 

Splice Junctions of the Murine rrfGene 



y UTR? 


. Exon 1 >249bp 


CCCAGgtacgtgcgi 


In l run 1 


i%bp 

ISO* 


uteceacagGCCCC 


Exon 2 4 3 hp 


GAAAGgtaaiaatag 


Intron II 


c t gc ccuca g TGGTG 


Exon 3 I97bp 


TGCAGglaccagggc 


Intrnn HI 


ci aagcacagATCCT 


Exon 4 74bp 


TGC A G g l gecageca 


Intrnn IV 


ctcttltcagACCAA 


Exnn 5 36bp 


GACAGgtgagttut 


Inirnn V 


ctcctcctagGGTTG 


Exon 6 101 bp 




(nu in iron) 
Intrun VI 


CCCACTCCACCCCCA 


Exon 7 I35bp 


. TGTAGgtaaggiigic 


■>-'22tJ?s 


cactceceagGTGCC 


Exon 8 398bp 


ATGGAAGACACTAAC 





Uppercase and lowercase leilers denote exonic and intronic sequences, respectively. 'Indicates that the 5' end ol cts 
I has nut yet been determined. 

and- also maintains homology to mvegf right through to the C-terminus (Fig. 3). The overall 
homology of mvrf lh7 to hVRF If>7 was 867c identity and 92% similarity respectively (Fig. 1l 
Likewise, homology between mvrf Ih7 and mvegf |20| was 49% identity and 71% conservative 
amino acid substitution respectively [Fig. 3 J. 

A canonical vertebrate polyadenylation signal (AATAAA) [21 J was not present in the wfcDNA. 
however, the closely matching sequence GATAAA is present at similar positions in both mouse 
and human VRF cDNAs (Fig. I). In contrast to human VRF. murine vrf was found to contain an 
AC dinucieotide repeat at the extreme 3' end of the 3' UTR {nucleotide positions 997 to iOiO. Fit 
I). Polymorphism of this repeat region was observed between some of the vrf cDNAs, with the 
number of dinucleotides varying from 7 to 1 1 (results not shown). 

Genomic Charaaerisution of Murine vrf 

Intron/exon boundaries (Table I) were mapped using primers which flanked sequences homolo- 
gous to the corresponding human VRF boundaries [I6J. Introns I, III. IV and VI of murine vrf 
jTable I. Fig. 4) were smaller than the hVRF intervening sequences [I6J. There was complete 

-concordance between the human VRF and murine vrf genes with respect to lengths of each of the 
exons. The complete genomic sequence was compiled from the 5'. UTR of vrf through to intron VI. 
the largest intervening region (2.2kb), by sequencing amplified ■ introns and cloned genomic pur- 

■ tions. of vrf (data not shown). -"■/"- : ;;t J ..r ^^^/"rv::^;/"-'"' . 
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FIG. 4. Comparison of gene structure between VRF (a generic VRF gene is shown since the intron/exon organize 
of the mouse and human homolugs is identical) and other memhers of (he human VEGF/PIGF/POGF gene family. Eso* 
are represented by boxes. Protein coding regions and untranslated regions are shown by filled und open sections, respec- 
tively. The hatched region in- VRF indicates the additional 3* UTR sequence formed by alternate splicing of the VRF,„ 
isoform. Potential alternate splice products of each gene arc shown. 
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KfC 5. A»*f)rydUit!n:rn <:-i ' :\ Nnruurp. rjk» of RNA from *ariw-i adull rnou&ti lis<i;f.*.\ {as, indkafed.i h.y r* kitted l >-ith 
kiiRurine vif t-UNA •-••me. A -m-jor :rar::^r:pt .;f - Jkb was detected In all sampfe*. 

iExon*. 6 and 7 are contiguous in vrf f a> bus been found to occur in the bunion homoiog j lb]. The 
^arocig sequence homology at the amino acid level between exon 6 of vrf'hwd human VR/ : (depicted 
fir;!; haJj^fJr'g. -B J suggests; that this *equenca Is not. a retained intronic sequence but rather 
^jct'xles' a:1*u\ncfionar part\^5 t{i^. : ; y rfv Hfc . feoform-. . • n ' ' 

IliGener^ between the various members t'V EOF.. PIG F. VRF) 

§#ihfcM^^ thai the overall -.genomic organisation of 

{hurai^ (Fig. j4): 
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j^Exprexxion Studies of vti 
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^Northern, analysis of RNA from adult mouse tissues - muscle, heart, iung. and liver* showed that 
qjpresslon appears to be ubiquitous and occurs primarily ;i> a major band of approximately i.3kb 
|feize (Rg. 5). This is somewhat different to the paitern observed for human VRF in which two 
pajor bands of 2.0 and .1.5kb have been identified in all tiv>ucs examined ; 16|. The l.3kb murine 
W ^?^ sa » tf presumably corresponds to the shorter of the human transcripts and the size variation 
^(hereof is most likely due to a. difference in the length of the respective 5"*UTR»." 
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The present Mudy provides an 
separated iisinii sodium diidccyl su 
with coomassic brilliant hlue (R-2 
membranes. This inelhod cxhibitet 
shrinkage ol' gel). 2) rl aJImved as 
time ol gel -drying procedure hy j 
proteins with the >anie efficiency 
method is simple, economical and 

Coorrmssie brilliant blue (R-: 
1 1-7). thin layer ehromatograpr 
proiein concentrations (11-13). 
storage. However, gels shrink z 
gel-drying procedure is taboriou 
replace the conventional methoc 
aiie problems. In this study, usii 
gel drying process can be elimir. 
Also, the described procedure h 



Materials. Nitrocellulose membranes 
glycine leupeptin. aprotonin. soybean 
. j : purchased fmm Sigma Chemical Co. (Si 
rats were purchased from Harlan Sprat: 
P re i hi ration of tvt brain protein extra 
(».5 mM EGTA. I mM EDTA. 2 m.M dit 
soybean trypsin inhibitor). The total htu 
resulting supernal anl was solubilizcd wi 
H.05CJ (v/v) 2-0-mcrcaptoeihanol. and 
electrophoresis as described below. 

Gel electrophoresis and etertroblottin 
7.5*5 aery I amide. Gels were stained wit! 
acetic acid and 20'.? methanol) for 1/2 
f*K KM 5 minutes. Stained gels were a 
methanol ) for 15 minutes and etcctruhl 
luluse membranes were washed briefly i 
photographed using a Nikon camera. 

Atnidoh/ack staimni* of membranes. 
I IK? acetic acid and 45 Cf methanol am 
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We have characterised the promoters of the human 
and murine VRF (vascular endothelial growth factor 
(VEGF) related factor) gene. A series of deletions were 
made of a 553-hp region 5' of the VRF initiation codon 
and were used in a luciferase reporter gene assay to 
determine the minimal promoter of the VRF gene. The 
region between base pairs -443 and -195 was suffi- 
cient to mediate transcription in- lymphocytes and the 
region between -550 and -443 enhanced' this pro-; 
moter activity. Primer extension studies identified two 
regions of transcription ini tiation, bo th o£ which "are*!, 
preceded by Spl t AP-2.and Egr-1 transcription factorv 
binding sites. The VRF promoter issiiiktiaFioVEGFin; 
that it is associated with a CpG island, contains sites 
for Spl and AP-2 t ~ and lacks a TATA box. HoweverV ft 
has marked differences. in that the promoter contains 
Egr-1 sites and lacks both hypoxia-inducible factor-1 
and AP-1 sites. These data may indicate that expres- 
sion of these two growth factors is regulated by differ- 
ent physiological stimuli. 1997 Academic Pruaa 



We recently described the characterisation of a new 
member of the vascular endothelial cell growth factor 
■VEGF) gene family which we called VRF for VEGF- 
reiated growth factor U, 2], but which is also known 
as VEGFB [3]. To date, this family of growth factors 
consists of VEGFA/VEGF/VPF 14, .5], VEGFB/ VRF 1 1- 
3|, VEGFC/VRP f6, 71, placenta growth factor [8], as 
veil as the more distantly related platelet-derived 
?rowth factor (PDGFs) A and B [9]. 



'Sequences presented in this article have been submitted to the 
'.rEXBANK database and appear under accession numbers U80601 
and U80602. v 

"To whom correspondence should be senL at Queensland Institute 
«f Medical Research, P.O. Rnyal Brisbane Hospital, Herston 4029, 
Australia. Fa*: (61) 7 3362 0107: E-mail: gintS©qimr. edu.au. 

Abbreviations: HIF-1 - hypoxia-inducible factor- 1: PDGF - plateiet 
H?rived growth- factor; UTR - untranslated region; VEGF - vascular 
yndothelial growth, factor; VRF - human VEGK-related factor gene: 
Vrf- murine VEGF'-relatcd factor gene. 
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The intron-exun architecture of human VRF and mu- 
rine Vrf\l, 2 1 are similar to that of VEGFA, and al- 
though only two alternately spliced forms of VRF have 
been identified (that give rise to proteinsjwith different 
carboxyl tails), more isoforms are expected based on 
the gene's similarity to VEGFA. VRF has a wide-tissue 
distribution in adults fl-3] and expression during 
mouse fetal development has been shown to be most 
abundant in heart, spinal cord, cerebral cortex and 
brown fat [10]. VEGFA, in comparison, is chiefly ex- 
.pressed' in brain,, kidney, liver; lung,, spleen, "as well i as 
.heart, [ r Ii- 131- . The expression pattern, of these genes 
r app~ears"t*6-be roles for 

VEGFA and VRF/VE GFB- in: vasculoge nic; and; ; angip - 
genie e Yen ts h a ve y e t to " be di st'ingms He d\ [ ' : ^ ■ .j 
'" As a first: Ite'p to understanding t he; * regulation : of 
VRF gene expression, we have characterised the pro- 
moters of the human (VRF) and. murine {Vrf) genes. 
Reporter gene assays and primer extension studies 
were employed in identifying the minimal promoter 
region of VRF r and analysis of transcription factor 
binding motifs revealed that although, the VRF and 
VEGFA promoters share common elements, there are 
also marked differences between the. two promoters. . 

MATERIALS AND METHODS . . 

Cloning, nucleotide sequencing and analysis. The clnning of geno- 
mic fragments containing the human VRF 11 J and murine Vrfgenes 
[21 havu been reported previously. A Pstl- restriction fragment con- 
taining part of the first coding exon- of VRF plus the-' flanking 
region ( that included the 3' end of a novel gene ■ manuscript in prepa- 
ration)) was subcloned from cosmid cCLGW4 UJ. Both nested.dele- 
tions (Erase-a-baso, Promcgo) and cloned restriction fragments of 
the region were sequenced on both strands as described previously 
11.21. 

The cloning of a phage genomic clone » XI 2 1 j containing the mouse 
W/*gene has been reported previously 121. Two Ncu ['-restriction frag- 
ments from M21 that collectively spanned exon- 3 to the 5' flanking 
region were blunt-ended and cloned into the £cuRV site ofpBlue- 
acript ft KS (Stratagenei and 'sequenced as: described: for VRF.. The 
sequence data were compiled- using MacVector 4.2.1 suftware/tlBI-- 
Kodak*. ClustalW [141, CpGPlbt ■ I GCG._ Wisconsin i, SigscanJT5| : and_ 
BLAST [161 analyses were conducted using the Australian National 

0006-29 LX/97 S25.00 

f*tipyrit:ht '* by Acadi-mir Pnt*-.- 

AJI right* rt?ifrfdurtii;n in nn> ftttm n-si-rwd. 
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Genome Information Service computer faculty at the University of 
Sydney, Australia. 

Primer extension analysis. The oligonucleotide 5' - TCC CGA 
GCC CTG GGT CCA G-3 r was radiolabeled with I y- :1 -P|ATP 16000C i 
mmol , Amersham:- and T4 polynucleotide kinase (New England 
Bioiabsj. ong oflabelled primer t\fj\t were annealed to SOpg of total 
RNA in I0u\ of annealing buffer consisting of 2n0mM KC1 and lOmM 
Tris-HCl, pH 8.3. Total RNA was isolated from a lymphoblastoid ceil 
line using an RNeasy Total RNA Kit fQiagem. Annealing proceeded 
at 80 J C for 5 min and then at 5S°C for 45 min. First strand synthesis 
was allowed to proceed at 52 U C for 45 min after the addition of 22.4pl 
of a reverse-transcription mix consisting of 3mM MgCly, 47mM Tris- 
HCl, pH S..3". lOmM dithiothreitol. O.omM dNTP mix and 200U of 
Superscript II RNasell- reverse transcriptase (GIBCO, DRL». The 
RNA component was hydrolysed, the cDNA was precipitated, resus- 
pended, resolved on an 8M urea''6^ polyacryl amide gel and visuali- 
sed by autoradiography. The primer extension product sizes were 
estimated by enmparison to u sequencing ladder generated from 
pGEM--3zft +• i (Promegai with the pUC/Ml3 forward primer -Tmol 
DNA Sequencing System. Pro meg a). 

Hitman VRF promoter constructs. The most proximal 45bp of the 
first coding exon ending at a Pxtl site (CENBANK accession number 
U43370' plus varying lengths of 5' flanking region derived from the 
human Pstl genomic clone were inserted into the polylinker of the 
pGL2-basic luciferase vector * Promegai, Restriction sites within this 
genomic Pst I fragment were utilised in generating directional dele- 
tions of the region. These included, (in addition to the full-length 
Pst I fragment shuwn in Fig. Li, the Sttcl sile (position -550i, the 
BstXl site (position -443). the Eagl site f position - 195) and thu Ncn[ 
site i position -85 1. 

Transfectiomt and measurements of luciferase activity. 4X 10" EL4 - 
T cells were suspended in 400yl RPMI 1640 tissue culture medium 
supplemented with 2mM glutamine. and 20m \t Hepes pri; 7.^;.;and!: 
electroporaced with 5^g of each Tuuiferase : reporter ■CThstruct>br-\\^tKv i ,! 
5/ug empty pGL2-basic vector as a. back ground con tr 6 F. Pulsecondi- ' 
tiona were 290V. 960^ F. Etectroporatcd' cells were ^ransfc^dvj^.^ 
10ml DMEM supplemented with fl^. fetal calf- serum v" 2rri NFgl'uta-V" 
m i ne and 50// M ^-mercaptoethauol. and grown for 24hr at 37 e C UrG r >r ; 
CO- prior to harvesting. Harvested cells were washedrin phosphate- 
buffered saline, and lysates prepared and assayed for lucifera.se. ac-. 
tivity using a Luciferase Assay Kit 'Promega). according to the manu- ■*" 
facturer's instructions. Luciferase activity was measured, using a 
Packard Microplate Scintillation Counter. The protein content of 
each sample was measured by Bradford Assay (BioRad; Hercules 
CA>. and values ranged from 42-68yg per sample. All data have been 
normalised to 50/jg protein. 

RESULTS AND DISCUSSION 

Sequence Analysis of VRF 

Sequence data for the open reading frame of VRF 
plus an adjacent 60bp of the 5' UTR have been reported 
previously f 1], We have extended the sequence of the 
5' flanking region , up to the transcribed region of a 
novel neighbouring gene as shown in Fig. 1. The pro- 
gram BLASTN identified nucleotide positions -629..to 
-553 as matching the 3' UTR of several cDNA entries 
, from the expressed sequence tag database, complete 
with a polyadenylation signal f AAT AAA) beginning at 
position -570 (manuscript in preparation). The pro^ 
moter of VRF was therefore expected to reside down- 
stream of this region. 

The cloning and partial characterisation of Vrf has 



been published by Townson et al. [21. The previously 
reported 5' UTR of 189bp was extended an additional 
-440bp up to the 3' UTR of the neighbouring gene i Fig. 
1 i. (Note that 3 nucleotide discrepancies with respect t> 
our previously described 5' UTR sequence have beer, 
corrected in the updated GENBANK entiy U43836= 
Nucleotide sequences for the 5' flanking regions of thr 
VRF and Vrf genes are aligned in Fig. 1 and shov 
~~7Q C A- identity over this region. The sequences are 
G-f-C rich (—85% human. -79% mouse) downstream 
of the 3' UTR of the neighbouring gene and contain i 
high frequency of CpG dinucleotides. Fig. 2 shows thai 
the promoter of VRF coincides with a CpG island that 
spans the entire length of the region upstream of the 
initiation codon (Fig: 1). VEGFA, PDGF A and 5, as 
well as numerous other growth factor genes (as dis- 
cussed in [17]} also have G+C rich 5' UTRs. 

Human VRF has three additional; apparently non- 
utilised ATG codons (positions 37, 83. 296) up- 
stream of the reported translation start site (position 
j_ i \ This start site was identified on the basis of se- 
quence homology to VEGFA as well as matching tto 
Kozak consensus sequence for vertebrate translation 
initiation sites [lj. The three non-utilised ATG codoa* 
are also conserved in Vrf (positions -37, -83, -306= 
and the latter two. are not in- frame with the translation 
initiation site in either organism. The ATG codon at 
position -296 in VRF is also out of frame, but transla- 
tion from the equivalent ATG codon from Vrfi position 
-306) would extend the reported murine protein by 
an additional 102 amino acids [2], However, primer 
extension studies with VRF (discussed below) predict 
that this ATG codon overlaps one region of transcrip- 
tion initiation and is therefore unlikely to be presen: 
in a large proportion of VRF transcripts. 

The possible function of these upstream ATG codon; 
is unknown, however, they may play a role in transla- 
tion^! control as has been suggested in the case of the 
genes encoding the A- and B- chains of PDGF which 
have also been reported to each have three additionai 
ATG codons [18|. Similarly, a second conserved ATU 
codon appears within the 5' UTR of human [17], mouse 
|19 | and rat [201 VEGFA. 

Reporter Genp. Assays 

In order to define the ^proximal promoter of VRF. 
restriction sites within the 5' flanking region (show, 
in Fig. 10 were used to generate successive deletion? 
from within the 3' UTR of the neighbouring gene to- 
wards the transcription start site of VRF. These restrict 
tion fragments were directionally cloned into the pro- 
moterless vector pGL2, transiently transfected into 
lymphocytes, and assayed for luciferase activity. The 
results from each of three experiments showed a simi- 
lar trend (Fig. 3), with the Pstl construct (Fig. 3, A- 
PstI) that spans the coding region of VRF exon 1 to the 



414 



Vol. 230. No. 2. 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

pgr I 
I 

VRF -629 cigcagcgcgwccccccu w'gc" ccc. "crctggacgccccgccccccgaaacgcgcgca 

Vrf -567 aacwaaatgggacci:tcati:ggccctc:c=ci:g--cr.gcccfjt:ccagaactacacgi:gca 
.1 Sac! ' 

I 

VRF -569 aCaaagcgacccgcagaGCTCGTGTCCGGCTCCCTCCTTAAGGCCCGACGCCCCCGGCCC 

* » » » » * * * » * * r » » ► e » * * * * » * * * t • * * * 

Vrf -519 a caaac cca t ~ t: ccaga -CC^CTGTCCCATTC^TCCTTC AGGTCACGCATCTCCT 

AP-2 SdI AP-2 

[ I 
VRF -50 9 CGGC CTCGCC AAGGOGC AGC GC CC CGCC CTCCG3GTAGTGG CGGCGGCG ACTGGGGAGCC 



Vrf - -4 64 CACCCCTCCCCTCGTGAGGCAGCCAC CCCCGGACCT 

BsrXI Spl 
I I- 

VFF - 4 4 9 cagcctcctgggcggtgcgtcccctttcccctgccgcgk:-cgggaggcgg<2agggggtgtg 



Vrf -428 CGGCCTCCAGGCCGGTGTGTCCCCTTTCCCCTGCAGCGGCGGGAGG GCCGTT 

I Spl 
Spl Spl* AP-2 

A?-2 Spl Egr-L 

AP-2 * jAP-2 AP-2 I Spl 

I 1 I I I I 

VRF -3 89 TGGAOTAGGCGGCCCCCGCCGACGGCCTCGCCCCCCCACCCCGCCGCGCCGCCCCCGCCC 



Vrf -37 6 TGGAGGGGACCGGCTCCGCCC CCGCCCCGCCTCCGCCC ' 

I II I I 

Spl* ]Egr-l AP-2 AP-2 

AP-2 Spl Spl 

AP-2 Spl- .AP-2 
| >> > >>>> >> | 

- VRF -329 CACGGGCC.GGTGGGX3AGCGCGTGTCTGGGTCACATGAGCCGC^TGCCCGCCAGCCCnf5GC 

Vr f -338 - GCG<5CCCGCTG<3GGAGCGCGTGTTTAGGTCACATGAGCCTCTTGCCCGCCAGCCCCGGC 
I . AP-2 - i 

AP-2 Spl AP-2 
AP-2 |Egr-l AP-2 

. i ll > I 

VRF -269 CCAGCCCCCCGCCGCCCCC -GCCGTCCCCGCCQCC -GCTCCQS GCC 

«■ ****** * » » ***** ****«« **t* »»» ** • * » * * * 

Vrf -279 CAGGCCCCCTGCCACCCCCCGCCGTCCCCGTTGCCCGCCGTCCCGGCCACCACCGCCGCC 
I 

AP-2 

Spl AP-2 v 

ap-2 spl spl • ■ 

I I i I . " . 

VRF -22S C^CACCGGCCGCCCGCCCGCCCGCCTCCTCCGGCCGCCTCCGCTGCCCTGCGCTGCGCTG . 

Vrf -219 ACTACAGGCCGCCTGCCTGTCTTGTTCCTCAGGCCGTCGCTGCGGCGCTGCGTTGCQirG 

Spl AP-2 
AP-2 AP-2 Spl 

ii i . 

VRF -165 C CTGCACCCAGGGCTC^CGA GGGGGCCGCGGAGGAGCCGCCCCCCGCGCCCGGCCCCCGC 

Vrf -159 CCTGCGCCCAGGGCTCGGGAGGGGCXTCGCGGAGGAGCCGCCCCCTGCGCCCCGCCCCGGG 

I I ■ I 

Spl Spl Spl* AP-2 
Ncol AP-2 AP-2 Spl 

r ' ' t I 

VRF -105 CCGCCGCGCCCGGGKXrC^TGCCATC^CiGCTCTGGCT^CtSCCGCCCCCCGCGCCGCCGOG 

Vrf -99 TC CCCG^GCCCGCGCCATGGCGCTCTGGCTGCCGCCGCCCCCCACGCCGCCGGG 

I 11- 

AP-2 Spl Spl |AP-2 

I I AP-2 
VRF -45 CTAGGGCGATTX:GGGa:CCCCCCKXCCCCGGCCCCGr^S3GCACCATGAGCCCTCTC^^ 

— - * iiiniii linn 

Vrf -4 5 CTAGGGCCATGCGGG<^3CTCCCGGCGCTCGCCCCCCGCGG<^CCATGACX:CCCCTGCTC 

h I 
AP-2 AP-2 
Fstl 
I 

ii minimi ! inn itiiii 

Vr f 16 CGTCGCCTGCTGCTTG*rTGCACTGCTGCAG 

FIG. 1. Nucleotide sequence alignment of human ( VRF\ and murine ( Vrf) VRF 5' flanking regions using the program ClustalW, where 
an asterisk denotes a conserved nucleotide position and a vertical line indicates conservation within the open reading frame. The VRF start 
ccdon is designated position +1. The 3' UTR nf the neighbouring gene ia represented in lower case lettering. Restriction sites used in 
generating the promoter constructs are labelled. Positions of the transcription start sites as determined' by primer extension studies are 
shown by the symbol U V and the major sites are underlined. Thi* position of" the oligonucleotide used for primer extension is underlined. 
Parting positions of the consensus binding sites for the transcription (actors Spl. "strong" Spl AP-2 and Egr-1 are labelled and described 
in the text. 
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FIG. 2 CpGPlot of the VRF promoter region (based on the sequence of Fig. U Plot ofObs/Exp CpG dinucleotide (solid line) and *G 

ll^T ; n onnh gam 6 P03Ul0n m rA Ie °n ide SeqUeUCe - The Cp ° i3land 0f the VRF *™ the criteria ty^- 

al. [25! (>200bp region; moving average %(G+C) > 50; moving Obs/Exp CpG > 0.6). y L 



3 ■ UTR of the neighbouring gene,\ p roducing a 1.6 to 

v 9- 6 :foWUhe^e^e:in 

£ levels;:Th^ 

: -^auced ; ^ 

increase )v presumably becaiise^the ^ 
naj|,(antf possibly otltercis^ 

. - transcnptTonvtermm 
had been removed. The BstXI deletion construct ..(Fig.. 3,: 
C-Bsi\XI) produced a lower (28-47%) promoter activity 
compared to the Sad construct, but roughly equivalent 
to the activity observed for the Pstl construct. The Eagl 
. and 2V*coI deletion constructs (Fig. 3; B-Eagl, EWcoD 
had L luciferase activities at background levels. We 
therefore conclude that the 248bp region between 
BstXI (position -443) and Eagl (position -195) is suf- 
ficient to promote basal transcription of the VRF gene 
in lymphocytes, and that the 108-bp region upstream 
of this (up to the Sacl site at position -50) is necessary 
for maximal basal activity. 

Primer Extension Amlysis ^Structural Analyses. of the... 
Promoter Region 

Primer extension analysis, using an antisense oli- 
gonucleotide designed to anneal downstream (posi- 
tions -146 to -164) of the minimal promoter region 
was employed to identify the 5' end of the human 
„VRF transcript. These, assays . consistently demon- 



L?^^'§^AY^F.g^ to have two major regions:! 
r^W?crip tibn. initiation, although additional str 
: • sites^ere observed on longer exposure of the autor, 
::diogfaphs "(Fig: 4)rThe first region of transcriptid 
atron^on^isted^of ^aste* of sites between pod 

v fre 3^® n tl; y - used-cluster of transcription^u^tiafe 
sites appeared: between, positions -313fto -'287, suij 
gestihg. a maximum 5' UTR length of 31 ; 3bp that.) 
highly-conserved (-84%) in the murine gene: Tt 
VRF 5' UTR is therefore much shorter in length tfci 
that of the VEGFA gene [171... " - . '-;V 

The mouse and human VRF promoter regions 
scanned for consensus transcription factor bindb 
sites using the program Sigscan. Sites that pom 
tially play a role in the regulation of VRF gene a 
pression, or that have been reported for VEGFAll' 
19, 20], are shown in Fig. L The" region of transro 
tion initiation between positions ,-3i3 and -287: 
preceded by multiple consensus sites for Sp-lM! 
.GCGCCQ-3' or its complement [21, 22.]) and-AE-2iw 
TACCC/GCCA/CNC/GC/GC/G-3' or its completer, 
[23])\ as: well as a single site for Egr-1 (5'^GCGt 
GGGGCG-3' or its complement [24]). Sites forSp! 
AP-2 and Egr-1 are also found clustered in a simik 
position in the mouse gene. The same combinations 
sites (in the human but not in the mouse genejp* 
cede the downstream region of transcription iciu 
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S 10 15 20 25 

Relative promoter activity 

FIG. 3. Determination of the VRF minima! promoter region. Sec* 
:ions of the VRF 5' Hanking region were cloned into the pGL2 lucifer- 
ue vector and assayed For their ability to induce lucifcra.se activity 
.n EL4 T cells. The position of the polyt A) tail for the neighbouring 
gene is shown in construct A and the exact locations of the restriction 
iiies are shown in Fig. 1. Relative promoter activities for the con- 
structs based on triplicate experiments are represented by different 
ihadings. 



tion (positions 265 to. 209). Examination of the 
| Highly conserved BstXL MMhgl.. region of .¥RFC^£:: 
[ VVf revealed additional 1 SpTahdAP-2 sites \i The Spl - 
site at position - 344^ in the. humanr gene -(-position- - 
-364 in mouse Hsalso a- perfect match 5 to the "strong" - 
Spl consensus, 5 r -G/AG/^C/TCCGCCCC/A : 3;; V^hat ' 
has been reported for some of the Spl sites within 
the VEGFA promoter [17]. Indeed, the promoters of 
VEGFA and VRF appear to be organised similarly 
with respect to Sp l and AP-2 sites, and both promot- 
ers are associated with a CpG island (data not shown 
for VEGFA), which typically encompass the tran- 
scription start sites of housekeeping and widely ex* 
pressed genes [25]. The presence of AP-2 sites is con- 
sistent with the observed expression patterns of 
these genes in tissues of neural origin [10, 26]. As 
with VEGFA [11, 19, 201, a consensus TATA box is 
absent from the VRF proximal promoter. 

The promoter of VRF also shows potentially im- 
portant differences to. the .promoter of VEGFA, for 
example, more than one region of transcription initi- 
ation appears to be. utilised by VRF, and the human 
and mouse VEGFA promoter regions also contain 
GCAAT boxes upstream of their transcription start 
sites 117, 19]. Although multiple AP-l-like binding 
sites were reported for human VEGFA, only one con- 
sensus AP-1 site, located near to the hypoxia ele- 
ment, is conserved between human, mouse and rat 
sequences [17 : 19-. 20], There is an absence of consen- 
^ AP^r sites and^scr 
i^uences. resembling the; hypoxia-inducible factor 



(HIF-1: 5'-G/C/TACGTGCG/T-3' [231; VEGFA HIF-1 
match: 5'-TACGTGGG-3' [201) in the VRF promoter 
region. However, it is possible that other hypoxia- 
responsive sequence elements, not related to HIF-1, 
influence transcription, potentially also from other 
regions of the gene (such as the 3' end) as has been 
reported for VEGFA [29]. 

The human VRF promoter has two occurrences of 
overlapping Egr-1 and Spl sites, upstream of the two 
major regions of transcription initiation. The replace- 
ment of Spl by Egr-1 at an overlapping site can lead 
to inducible gene expression, as observed for the PDGF 
A and B genes [30, 31). Overlapping Spl and Egr-1 
sites, however, are not present in the promoter region 
of VEGFA [17, 19, 20]. Studies of the PDGF A and 
B promoter regions infer that VRF may utilise novel" 
transcription factor binding sites as well as perhaps 
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FIG. 4. Mapping of the VRF transcription start site using primer 
extension analysis. Primer extension products ' lane labelled Xt were 
generated from I ym phobias to id cell line total RNA' using the oligonu- 
cleotide shown in Fig. I and the sites of transcription initiation are 
labelled' with arrows. The size standard was generated from 
pGEM-3zfT^j using the pLTC/Ml3 forward primer - lanes G',-A,,.T~ 
and CV. " 
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non-consensus sites 132, 33 1. A candidate region likely 
to contain these sites is positioned between -404 and 
-455 of VRF, as the region is highly conserved in 
mouse and precedes the upstream region of transcrip- 
tion initiation. 

The findings reported in this paper provide the first 
insight into the organisation of the VRF proximal pro- 
moter and address possible differences with respect to 
the promoter of VEGFA. Further studies will be aimed 
at elucidating the sequence elements important for in- 
ducible gene expression, in an effort to understand. the 
role of VRF in vasculogenic and angiogenic events. 
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Abstracts 

Abstract: Vascular endothelial growth factor-B (VEGF-B) is closely related to VEGF-A, 
an effector of blood vessel growth during development and disease and a strong candidate for 
angiogenic therapies. To further study the in vivo function of VEGF-B, we have generated 
Vegfb knockout mice (Vegfb-'-). Unlike Vegfa knockout mice, which die during 
embryogenesis, Vegfb-'- mice are healthy and fertile. Despite appearing overtly normal, 
Vegfb-'- hearts are reduced in size and display vascular dysfunction after coronary occlusion 
and impaired recovery from experimentally induced myocardial ischemia. These findings 
reveal a role for VEGF-B in the development or function of coronary vasculature and suggest 
potential clinical use in therapeutic angiogenesis. The full text of this article is available at 
http: //www . circres aha. org. 



Vascular endothelial growth factor-B (VEGF-B) i__iis a secreted growth factor that has 
strong sequence homology with VEGF-A, a primary regulator of angiogenesis in 
development, corpus luteum formation, wound healing, and cancer. 4. VEGF-B can form 
stable heterodimers with VEGF-A land is generally coexpressed with VEGF-A. VEGF-B 
can bind to two of the VEGF-A receptors, VEGFR-i land neuropiiin-1, ^suggesting that it 
may regulate the bioavailability and/or action of VEGF-A. L Although VEGF-B has been 
reported to behave as an endothelial cell mitogen, ipart of the mitogenic activity reported 
may be due to VEGF-B/VEGF-A heterodimers. .1 

Several mouse models have been generated by gene knockout technology where the genes 
encoding Vegf-A or its receptors have been mutated. Both Vegfa-'- and Vegfa*' mice are 
;.; unable to survive to term due to a general impairment of blood vessel formation in the early 
embryo. 9A0Vegfa l2m2D mice, where only two of the three major Vegf-A isoforms have been 
- -r knocked out, die postnatally after cardiac failure due to widespread myocardial ischemia. - 
\±Vegfrl' / - mice die as embryos due to defects in angiogenesis, 12 but partial kiiockout mice, 
where only the tyrosine kinase-encoding portion- of the VegfrL gene is deleted, develop 
.-• - - normal vasculature. k> ' - ■-• •-••—•.< - - : • ■* • : ^f^^^f^^y- • 

To study the in vivo role of Vegf-B, we have generated ^ knockout mouse line and found 
that, unlike the Vegf-A-related knockouts, Vegfb-'- mice appear outwardly normal and fertile. - 
Because Vegfb transcripts are expressed predominantly in the heart during murine 
embryogenesis and adult life, Li4_JiL suggesting a specific role for Vegf-B during cardiac . 
development, we have concentrated on studying the cardiac phenotype in these mice. Vegfb T '~ 
hearts are reduced in size compared with hearts of Vegfb*' 4 * littermates and display clinical 
symptoms of impaired recovery from experimentally, induced ischemia. The results suggest 
an essential role for Vegf-B in establishment of a fully functional coronary vasculature and ■ 
highlight the potential of this cytokine for application in the emerging field of therapeutic 
angiogenesis. 

Materials and Methods j 

Generation of Vegfb*'- Miceil 

All mice used for the present study were supplied by the Animal Resources Centre 
(Western Australia), and their treatment was in accordance with the National Health and 
Medical Research Council (NH&MRC) guidelines for the care of experimental animals. 

Targeted inactivation of the Vegfb gene was achieved by replacing exons 3 to 7 (FigunLLii) 
with a promoter-less fbetaj-ged cassette. The fbetaj-geo gene was preceded by an internal 
. • ribosomal entry site to give cap- independent ^slation of [beta]-geo. it. Targeted 129/SvJ" . t: - " 
ES cells (CI 368) were injected into C57BL/6J blastocysts to produce chimeras. Progeny of 
germline-transmitting chimeras were genotyped by polymerase chain reaction (PCR) 
amplification of tail-tip DNA using PCR1, 5'-TTT GAT GGC CCC AGC CAC-3'; PCR2, 5'- 
CCC CCA GCT GAC TGC TCG-3'; and PCR3, 5'-CTA GTG GAT CCC CCG GGC- 
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J Figure I. a, Diagram of the murine Vegfb gene (top), the targeting construct 
1 used to generate a Vegfb H - mouse (middle), and the final targeted locus 
I (bottom). The exons of the Vegfb gene are shown as numbered boxes with the 
I open reading frame as open boxes. The location and orientation of the PCR 
1 primers used to genotype mice are shown as PCR1, PCR2, and PCR3..b, 
J Genotyping PCR on Vegfb"; Vegfb"- y and Vegfb J - DNA , using the primers 
shown in panel a. 
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[beta]-Gal Staining and Immunohistochemistry^ 

Frozen sections and whole embryos were stained for [beta]-Gal as described. ULFor 
quantitation of capillary density, transverse sections of tie left ventricle (LV) were cut at 
comparable levels in Vegfb** and Vegfb' 1 ' P30 hearts (30 days postpartum). (4 hearts each), 
immunostaiiied with anti-PECAM-1 (clone Ml 3, Pharmingen), and the capillaries counted 
using ImagePlus software on 7 randomly chosen fields (*40 magnification, [almost equal to] 
* 0.06 mm 2 per field) in the epicardial, endocardial, and midmyocardial portion of the LV. 
Because no difference between genotypes was found within each portion, capillary density 
data were averaged for each heart. Coronary vessels were counted as anti-smooth muscle 
[alpha]-actin (FITC conjugated, clone 1 A4, Sigma)-stained vessels in whole sections. 

Heart Weight and LV Thicknesses 

Vegfb**, Vegfb*; and Vegfb^ mice of either 129/SvJ or C57BL/6J* 129/SvJ background 
were weighed. After dissection, the hearts were trimmed of surrounding tissue and weighed. 
A subset of the P25 hearts was fixed in formalin and microdissected to obtain a similar angle 
of section. LV thickness was measured on sections with a stage micrometer (n=10 Vegfb** 
hearts; n= 16 Vegfb*- hearts; n= 14 Vegfb- 1 - hearts). , 

Langendorff Perfusions 

Hearts were isolated from "mice anesthetized with 60: mg/kgsodium pentobarbital. Vegfb** 
\ (161±7.mg wet heart weight [WHW], n=15),: Vegfb*- (152*6 mg . WHW, n= 1 4) > and Vegflp^: ". 
." mice ( 1 5 5±7 mg WHW, n= 1 6} hearts were perfused' in the Langendorff mode as described! ; 



For ischemia, baseline measurements were recorded from Vegfb** (n=8), Vegfb*- (n=8), 
and Vegfh 1 ' hearts (n=8) after 30 minutes of stabilization. Global normothermic ischemia was 
initiated for 20 minutes before 30 minutes of aerobic reperfusion. To examine reactive 
hyperemia, a subset of hearts (n=7 for Vegfb**, n=6 for Vegfb*; and n=8 for Vegfb' 1 ') was 
perfused as described above and after stabilization was subjected to a single 20-second period 
of zero flow followed by reperfusion at 90 mm Hg perfusion pressure. The coronary flow 
response was recorded, peak hyperemic flows were measured in individual experiments, and 
percentage of flow-debt repayment over the initial 60 seconds of reperfusion was calculated 
as follows: math where total coronary flows were measured in mL/g and were calculated by 
digital integration of coronary flow for the 60 seconds before and 6Q seconds after occlusion 
using the Chart V3.5.6 program (AD Instruments, Castle Hill, Australia), and flow-debt was' 
calculated as basal coronary flow (mL/60 seconds/g)x20 seconds of occlusion. 



pfctKrw." -^pssj 


Equation 1 . 
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Statistical Analyses** - 



Body/heart weight, LV thickness, and capillary density data were analyzed using unpaired" 
Student's t tests. Body/heart weight data were also analyzed using the generalized estimation 
equation. 20 Hyperemia data were analyzed via one-way ANOVA and functional parameters 
by two-way ANOVA for repeated measures. Where significant effects were detected, the 
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Tukey's HSD post hoc test was used. In all tests, significance was accepted at P <0.05. 

An expanded Materials and Methods section is available online at 
http : //www . circres aha. org . 

Results^ 

Generation of the Vegfb' h Moused 

The Vegfb knockout mice generated with the modified Vegfb locus shown in Fi<mre \\i were 
produced in normal mendelian ratios, were healthy and fertile, and did not display any overt 
phenotype. The genotype of mice was detemiined by PCR amplification of tail-tip DNA 
from P 10 pups ( Fiuure lb) . Rather than producing Vegf-B, this modified locus results in 
[beta]-Gal expression under the control of the endogenous Vegfb promoter (herein referred to 
as Vegf-B/[beta]-Gal). Because the Vegfb H - mice generated in this manner had no obvious 
developmental defects, we assumed that Vegf-B/[beta]-Gal expression in these mice 
accurately reflects the endogenous Vegfb expression pattern. - 

Cardiac Vegf-B/[beta]-Gal Expression Pattern in the Vegfb +/ ' MouseJ 

Using [beta]-Gal staining. Vegf-B/[betal-Gal expression was first detected in the heart at 
-E10.5 (embryonic day 10.5), it became prominent at E12.5 ( Figure 2d) and further increased 
thereafter ( Fit_nire 2b) . Throughout development, Vegf-B/[beta]-Gal expression appeared to be - 
restricted to the myocardium ( Figures 2c through 2g) and subepicardium ( Figures in : and2h) and 
remained undetectable in endothelial cells, including those of the endocardium and coronary 
endothelium. Endocardial derivatives, such as the valve leaflets were always devoid of Vegf- 
B/[beta]-Gal expression. During development, the highest concentration of Vegf-B/[beta]- 
Gal— expressing cells was seen in the right ventricular myocardium and right aspect of the . 
interventricular septum ( Figure's 2a through 2 c). Ldwer Vegf-B/[beta]-Gal expression was 
detectable in the LV ( Figures 2a and 2cY and the right atrial appendage (Figure 2d) . The lowest 
expression was found in the atrial wall f Fi aures' 2c;" 2c£ and 2 f) . where coronary angiogenesis: is- 
less conspicuous ( Figures 2e-and2f) . Within the right ventricle (RV), Vegf-B/[beta]-Gal stainiiig 
. was prevalent in the trabeculations ( Figure 2d) v The intensity* of Vegf-B/[beta]-Gial; expression- 
increased further in the neonate heart ( Figures 2i and 2fY m correlation with :*the : 'mas¥ivere^ly f V- : ' 
postnatal coronary capillary and vessel growth, u The prevalence' of Vegf^B^ 
expression switches from the RV to the LV in the early neonatal period ( Figures 2i:and2i) ^- ; ~ v " 
reflects the predominant early postnatal capillarization of this chamber. 2]_In the juvenile 
heart, the ventricular prevalence of expression is lost, and the density of Vegf-B/[beta]-Gal— 
expressing cells is similar in the ventricles and the atria (data not shown). 
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Figure 2. Vegf-B/[beta]-Gal localization in the heart during development and 
after birth, a, Whole-mount El 2.5 Vegf-B/[beta]-Gal-stained Vegfb*- (right) 
and Vegfb*- (left) hearts showing higher expression in the RV. b through d, 
Whole mount and sections of Vegf-B/[ beta] -Gal— stained El 5.5 hearts, b, 
Vegfb**- whole mount Vegf-B/[ beta] -Gal levels are very low in the aorta and 
pulmonary trunk, c, Longitudinal section of the Vegfb*- heart shown in panel b. 
Note higher levels of Vegf-B/[beta]-Gal expression (staining blue) in the RV 
and right side of the interventricular .septum (*) than the LV. d,.Sagittal.section 
through the RV. Note expression in the trabeculations of the ventricle and 
absence in the atria, e through h, E17.5 hearts, e, Longitudinal heart section 
stained for PECAM-l (staining brown). The rectangles represent the regions in 
panels f and g. f and g, Vegf-B/[beta]-Gal and anti-PECAM-1 double labeling. 
t\ Atrial region. The endocardium (arrows) is stained with anti-PECAM-1, but 



Help with, linage vxc\ying] n ' 0 cap illaries have formed in this region, g, RV. Anti-PECAM-1 stains the 



endocardium (arrow) and the endothelium of numerous capillaries (arrowhead) surrounded by Vegf-B/[beta]-Gal— 
expressing cardiomyocytes in the myocardium and subepicardium. h, Higher magnification of the subepicardial region 
stained for Vegf-B/[beta]-Gal expression showing several Vegf-B/[beta] -Gal-positive cells, i through k, P3 Vegfb*' 
mouse hearts, i and j, Vegf-B/[beta]-Gal staining of transverse heart sections, j, Section through the ■atrioventricular 
transition. Note prominent staining in the LV. j, Section through the ventricular region. Note the absence of staining 
around the coronary vessels (arrowheads), k and I, Contiguous sections through a coronary arteriole stained for PEC AM - 
1 (j) and Vegf-B/[beta]-Gal (k). Vegf-B/[t eta] -Gal-expressing cardiomyocytes surround the capillaries, but VegffBA 
[beta]-Gal is undetectable in the endothelium and smooth muscle layers surrounding the artery, rv indicates right 
ventricle; lv, left ventricle; *, interventricular septum; ra, right atrium; aa, atrial appendage; m, myocardium; se, 
subepicardium; and p, pulmonary trunk. Bar=500 um (a, b, d, e, i, and j) and 100 urn (c, f, g, h, k, and 1). 
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The great arteries in the heart expressed low levels of Vegf-B/[beta]-Gal at all stages of 
development (eg, F inure ■ 2b) and in juvenile mice (data not shown). Vegf-B/[beta]-GaI was 
undetectable in the tunica intima and media of coronary vessels f Fiimres ?i. arrowheads, and 2k 
and 21), although we found Vegf-B/[beta]-Gal expression in other vessels in the body (eg, the 
intralobar component of the pulmonary arteries) (data not shown). 

Postnatal Heart Growth in Vegfb''' Micen 

Although histological examination of all organs revealed no differences between 
genotypes, Vegfb^ hearts frequently appeared marginally smaller than their Vegfb H + and 
Vegfb*' littermates ( figure 3a) . We recorded the total body and heart weight of 122 animals 
including male and female Vegfb**, Vegfb*'; and Feg/b^ mice at several ages between P3 and 
P91. These mice were grouped as P3 to P9 mice (Vegfb**, n=l5\Vegfb H ; n=20; and Vegfb^', 
n=13) and P25 or older ( Vegfb H+ , n=20; Vegfb H ; n=28; and Vegfb^, n=27). We found no 
consistent genotype-dependent decrease in body weigh; however, heart weight was always 
reduced in Vegfb^ mice. To account for the inherent interlitter and intralitter variability in 
body weight, due to sex, age, and genetic background, we used heart/body ratios to display 
the results. Although we found no significant difference in heart/body ratio in relation to sex 
or genetic background, statistical analysis revealed a dramatic increase in heart/body ratio 
from P 3-9 to P25 (or older) in all animals regardless of genotype ( r inure 3b) . There were no 
differences in percentage of heart/body weight ratios among genotypes in P3-9 mice 
(Vegfb H+ , 0.64±0.02; Vegfb^, 0.59±0.03, and Vegfb^, 0.66±0.03), but we found a significant 
(P <0.05) decrease in percentage of heart/body weight ratio in P25 (or older) Vegfb^ 
(0.78±0.02) mice compared with Vegfb H + (0.87±0.04) and Vegfb +/ - (0..89±0.02) mice (Figure, 
it). When familial (litter/parents) correlation among mice was taken into account, this 
significant difference remained (data not shown). No significant difference was found 
^ - v between Vegfb H + and Vegfb H ' mice at any stage. 
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Figure 3. Reduced postnatal heart size in Vegftr*' hearts, a, Appearance of P25 
Vegfb^\ Vegfb*; and Vegfb H * hearts from same-sex littermates, illustrating a 
slightly reduced Vegfb^' heart size, b, Percentage of body/weight ratio is . . \._ 
significantly reduced in the juvenile (>P25) Vegfb^' mice but not in early V .'-.*.. 
postnatal mice (P3-9), indicating the impaired growth of the Vegfb^' hearts in - 
the first few weeks after birth. Values are meaniSEM. *P <0.05 vs Vegfb^ 
micevPO.Ol vs Vegfb"' mice. 



The dramatic increase in heart weight during the first few weeks after birth is well 
documented and appears to be mainly due to massive growth of the. coronary capillaries and 
vessels, but cardiomyocyte proliferation and hypertrophy also contribute. 22. No difference in 
the size of myocardial cells was found in histological sections in Vegfb**, Vegfb"', or Vegfb' f ' 
hearts (data not shown). LV thickness was significantly decreased in P25 Vegfb^ (0.80±0.03 
mm,* n=14) compared with Vegfb** (0.89±0.03 mm, n=10) and Vegfb H - (0.91±0.02 mm, 
n=16) hearts (*P =0.059 versus Vegfb^+.and P <0.05 versus Vegfb+ h ). Analysis of capillary 
density using standard morphometric measures found no significant differences between P30 
Vegfb H + (2321±255 capillaries/mm 2 ) and Vegfb 4 ' (2334±253 capillaries/mm 2 ) hearts. Vessel ._ 
density measures in adjacent heart sections also showed no differences between Vegfb^ 
(270±10 vessels/section) and Vegfb'*' (275±14 vessels/section) hearts. 
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Reactive Hyperemic Responses in Vegfb+ /+ , Vegfb +/ -, and Vegfb' /m Hearts 

Baseline contractile function and coronary flow were equivalent in Langendorff-perfused 
hearts from all three groups under normoxic conditions (see Table online, 
http://www.circresaha.org). To test whether alterations in vascular function would be more 
evident during active responses to modified myocardial 0 2 delivery, we exposed hearts to 
transient (20 seconds) coronary occlusion and studied the hyperemic response on reperfusion. 
The reactive hyperemic responses differed subtly between groups ( rigurc 4) . Although peak 
hyperemic flow was comparable in all three groups of hearts (32 to 36 mL ■ min* 1 • g- 1 )^ 
(liigurc_4a), overall flow-debt repayment during the initial 60 seconds of reperfusion (during 
which flow recovered to preocclusion levels) was significantly lower in Vegfb J - mice 
([almost equal to]60%) versus the other two groups ([almost equal to] 100%) (l - jgnrc 4b Y There- 
were no differences in repayment between Vegfb +/+ and Vegft> H - hearts. These findings 
indicate that the- functional status of the coronary vasculature is impaired in Vegfb*^ mice. 




Figure 4. Reactive hyperemic responses to 20-second coronary occlusion in 
Langendorff- per fused Vegfb r/+ , Vegfb H ~, and Vegfb 4 ' hearts, a, Baseline and peak 
hyperemic flows, b. Flow-debt repayments over the initial 60 seconds of 
reperfusion. Values are meaniSEM. *P <0.05 vs Vegfb H + hearts. 
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Responses to Ischemia-Reperfusion in Vegfb +/ +, Vegfb+ h , and Vegfb* 
Hearts +i 



As noted, baseline functional parameters were comparable in hearts from Vegfb +/+ , Vegfb H ~, 
and Vegfb-*' mice (see Table online, http://www.circresaha.org). Global normothermic 
ischemia completely abolished contractile function in all hearts within 2 to 3 minutes and 
caused a rapid rise in diastolic pressure. Time to onset of contracture and peak-developed 
contracture are indicators of the severity of ischemic injury. Although no difference was 
found in the rate of contracture development, peak contracture during ischemia was greater in 
Vegfb' 1 ' compared with Vegfb* + and Vegfb +/ - hearts ( i-igurc 5a) . Diastolic pressure was' 
significantly elevated in Vegfb^ hearts compared with Vegfb^ and Vegfb H - hearts during 
reperfusion and recovered minimally ([almost equal to]73 mm Hg) relative to the other two 
groups ([almost equal to]35 mm Hg) ( i'igurc 5aV . Recovery of contractile function was slightly 
depressed throughout reperfusion in Vegfb- f - hearts, with the rate-pressure product being 
significantly lower at 30 minutes compared with Vegfb H+ and Vegfb H - hearts ( insure 5b) . 
Coronary flow responses did not differ between the three groups at any time point ( l-igurc Sc) . 



a 
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3 
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Figure 5. Functional respqnses of LangendorfF-perfused Keg/fe w+ , Vegfb H \ and 
Vegfb J ' hearts to 20 minutes of global normothermic ischemia and 30 minutes 
of reperfusion. a, Responses . for left ventricular diastolic pressure. Rate- 
pressure product (heart ratex left ventricular developed pressure) (b) and. ■ * - 
coronary flow (c) are shown. Values are meaniSEMv- *P~<QA5 vs Vegfb H + 
hearts. 
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Discussions 

In the present study, we have used promoter trap LacZ expression in the Vegfb +/ - mouse to 
correlate Vegf-B/[beta]-Gal expression to processes of vascularization in the heart, the major 
site of Vegf-B expression. The general developmental pattern of Vegf-B expression has 
previously been interpreted to reflect a paracrine action of Vegf-B on the developing 
vasculature, although no attempts were, made to correlate expression patterns with 
developmental processes of yascularizatibn.in" any: indivixiual. organ;. \JL Although Vegfb 
transcripts are produced in the heart 1 frorn^ is not detected 

until E10.5. 16 We can first detectiYegf-B/^ 

and propose that Vegf-B/[^eta]'-G^ (^;^refof^yegf^B)j production; incre^es substantially 
at this time pomt,".m spatial an^ 
endothelial growth m.tliehea^^ 
development and after birth,; c^ 

Vegf-B/[beta]-Gal is conspicuous in the subepicardium where heart angibgenesis has been, 
shown to commence. 24 It is more densely expressed" in the ventricles than the atria and - 
correlates with the degree of coronary angiogenesis that is more advanced in the ventricles 
than in the atria at fetal stages. After birth, Vegf-B/[beta]-Gal expression increases further in 
the LV, at a time when substantial capillary growth occurs predominantly in this chamber. 
2\22 The disparity between LV and RV capillary growth rates decreases several days after 
birth. 21 Accordingly, by P25, Vegf-B/[beta]-Gal expression becomes even throughout the 
heart with levels of expression similar in RV, LV, and the atria. Despite the correlation 
between capillarization and Vegf-B/[beta]-Gal expression, such expression was not found in 
the smooth muscle cells of the differentiated coronary vessels. It is therefore likely that Vegf- 
B may exert its paracrine action on the microvasculature surrounding the expressing 
myocardium, rather than on the endothelium of the coronary vessels. 

We find that Vegfb' 1 ' hearts appear morphologically and functionally normal in the 
unstressed animal but do not undergo the same extent of postnatal growth as those of Vegfb H+ 
and Vegfb H ' animals. Postnatal heart growth appears to be mainly due to the substantial 
increase in the coronary microvasculature and vessels, i K22 This increase has been attributed 
to the action of Vegf-A l64 and Vegf-A 138 , u_because mice lacking these Vegf-A isoforms die 
as a consequence of severe heart ischemia due to an almost total absence of postnatal 
capillary and coronary vessel growth. Postnatal ablation of Vegf-A (and possibly Vegf-B) 
function by administering a soluble Fit- 1 receptor (mFlt( l-3)-IgG) 2j_is also lethal. In the ; . 
heart, this treatment leads to^cardiomyocyte necrosis and -massive capillary :anci; vessel-density 
reduction. 21 Because Vegf-B is coexpressed with Vegf-A in the myocardium of the 
ventricles, 6 can form biologically active heterodimers with Vegf-A, and also binds Flt-1 , v_it 
is likely that the abnormal coronary angiogenesis described above is a result of interference 
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with the normal function of both Vegf-A and Vegf-B. We tested whether the observed Vegfb' 
reduction in heart weight was a consequence of impaired growth of the vascular network by 
measures of coronary capillary and vessel density.. We found no significant differences 
between Vegfb- 1 ' and Vegfb H * hearts, although additional studies measuring lumen size, 
patency, and permeability of capillaries and vessels in the heart will reveal whether any 
structural abnormalities in the vascular network of Vegfb' 1 - hearts may be responsible for 
reduced volume of this organ. Alternatively, the observed microcardia could be attributed to 
an effect of Vegf-B on cardiomyocyte growth. Vegf-B effect on heart muscle could be 
mediated by the Vegf-B 167 (and Vegf-A 165 ) receptor, neuropilin-1 /which is expressed in the 
developing cardiac muscle. However, this is unlikely, because cardiomyocytes do not appear 
affected in size or function in the Vegfb-*- heart, and we cannot rule out a direct effect of 
Vegf-B ablation on myocytes. It is worth noting, nevertheless, that cardiomyocytes are 
normal in the Vegfa {im2 ° mouse, where neuropilin-1 ligand Vegf-A 165 has been ablated. n_A 
slight decrease in left ventricular thickness in the Vegfb-'- heart may indicate that some 
developmental hypoplasia, resulting from suboptimal vascularization, could be responsible 
for the observed microcardia. 

Ablating Vegfb expression reduced the ability to repay coronary flow after a transient 
coronary occlusion. This occurred despite baseline coronary flow in the Vegfb-*- heart 
appearing normal, which was not unexpected given that moderate impairment of 
vascularization or vascular function that might result from deletion of the Vegfb gene could 
be compensated by enhanced intrinsic vasodilatation. Impairment of flow-debt repayment, 
despite similar peak flows, suggests inhibition of flow -mediated dilatation, which occurs 
subsequent to the immediate hyperemic response, indicating that the functional status of the 
coronary vasculature is impaired in some way in Vegfb-*- hearts. Reactive hyperemia is • 
thought to be mediated by the combined actions of nitric oxide (NO) and adenosine, 26_with 
. . potential involvement of K ATP channels. 27 The prolongation of the hyperemic response is 
thought to. be at least partially NO dependent ^s_Thus, one possible mechanism contributing 

- to this change is an impaired NO production: However, deletion of the endothelial NO 

i synthase gene fails to alter peak hyperemic flow, flow "repayment, and- adenosine responses in 
-1' v murine hearts. 29 «•"._ .:;L^: ,;/ . ... ■ .ill ' ^.i:: ,; . 

Heart rate was almost identical in hearts of all genotypes before, and after ischemia^ and no 

- significant differences existed for heart rate between any groups at any time. /Interest 
deletion of Vegfb reduced functional recovery from ischemia-reperfusiori and appeared to 
worsen contracture during ischemia. The mechanism of contracture is not well understood^ 

• but may involve rigor-bond formation as a result of impaired glycolytic ATP formation. 30_ 
During reperfusion, diastolic dysfunction was significantly greater in knockout mice; the 
difference was wholly due to a change in contractile force and not rate. Recovery of the rate- 
pressure product was slightly reduced whereas coronary flow was similar in all three groups. 
Although a reduced re flow or perfusion could have explained the dysfunction, this was not 
supported by the measures of total myocardial perfusion. However, this does not exclude a 
more subtle change in flow distribution that is not reflected in the total flow response. The 
postischemic elevation in diastolic pressure is likely to reflect altered Ca 2+ handling in - 
reperfused tissue, resulting in enhanced diastolic Ca 2+ levels. 3j_Ca 2+ handling is energy 
dependent, particularly at the level of the sarcoplasmic reticulum.^ Knockout of the Vegfb 
gene could conceivably lead to impaired postischemic recovery of energy: metabolism, owing 
to maldistribution of coronary flow, such that myocardial handling of Ca 2+ is impaired. 
Further experiments addressing patency, permeability, and responses to vasodilatory stimuli 
in the ventricular micro vasculature of Vegfb-*- hearts will reveal whether this is indeed the 
case. The increased diastolic dysfunction during ischemia is largely independent of the 
coronary vasculature and may reflect a developmental effect of Vegfb deletion on heart 
growth or function, as suggested by the smaller hearts and reduced left ventricular thickness 
in Vegfb-*' mice. 

In tne present study, we have shown that, despite heart morphology and function- being 
normal in Vegfb-*- mice, the response to coronary occlusion and myocardial recovery from 
ischemia are compromised. Thus, although Vegf-B may play a redundant role in establishing 
the coronary vasculature, our results define a unique role in the development and 
maintenance of function in response to ischemic insult. 
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DESCRIPTION 

• Direct secretion of recombinant proteins into insect cell supernatant 

• Simplifies purification and characterization of expressed proteins 

• Ease of purification further enhanced by serum-free medium 

• Choice of 2 different signal sequences 

• Fusion genes transcribed under strong polyhedrin promoter 

• Compatible with all AcNPV expression systems 

UNIQUE SECRETORY SIGNAL SEQUENCES 

pMbac and pPbac contain secretory signal sequences chat direct che nascent polypep- 
tide chain toward the secretory pathway of the cell, thereby leading 10 secretion 
into the ceil supernatant. The sequences to be expressed are inserted 3' to the 
signal sequences to generate a fusion gene chat is transcribed under the stron" 
polyhedrin promoter The signal sequence is cleaved off by signal-sequence pep- 
tidase as the nascent polypeptide is channeled toward the secretory pathway of 
the hosr insect cell, leading 10 the secretion of mature recombinant protein Proper 
processing of signal peptidase at the expected cleavage sice has been verified bv 
protein sequencing of secreted material. 

EASY PURIFICATION OF RECOMBINANT PROTEINS 

With no need for cell lysis, purification of the secreted recombinant .proteins is 
extremely easy. The process starts with simple separation of the insect cells from 
the supernatant. Downstream processing of the protein is made even more efficient 
when the pMbac and pPbac transfer vectors are used with Stratagene's Cell/Perfect™ 
Bac serum-free insect cell culture medium. 

PROTOCOL FOR USE WITH BACULOViRUS EXPRESSION SYSTEMS 
The pMbac and pPbac baculovirus transfer vectors' are compatible with systems 
based on the baculovirus species most commonly used for expression work 
Autographica cafifomica nuclear polyhedrons virus McNPV). Once in the nucleus 
of infected cells, the baculovirus expresses the protein polyhedrin late in the in- 
fectious cycle under a very strong promoter. The polyhedrin gene is not essential 
for viral propagation in tissue culture, so it can be replaced by cDNA whose 
expression will then be driven by the strong polyhedrin promoter. 
To replace the polyhedrin gene in the baculovirus 'genome: - 
I. Insert the cDNA fragment into the pMbac or pPbac transfer vector,- each of 
which conrains recombination sequences. 

2 Cocransfcct the baculovirus DNA and transfer vector into the insect ceil line - . 
SF9; The resulting double recornbinarion event replaces the polyhedrin- gene with * 
the vector fragment containing the gene to be expressed. .;•>/••• ^r-^^^^ii 
3. Identify recombinant virus based on the presence of the. lacZ gene'ifv iHc're- - 
combination fragment. >'•••; ;- i: ^rf ; -V; 

CONTENTS ' 
20 jig of pMbac and/or pPbac transfer vector 
2.5 \ig each of forward and reverse sequencing primers 
REFERENCES . 

t. Lernhard:. W„ c t aL (iW) Strategies 6; 20-21. 
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$225 
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SI 25 

pPbac 



$125 
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Sequencing 
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Forward primer 

SI OS 



Reverse primer 
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Cell/Perfect™ Bac 
Serum-Free 
I nsect Cell i) S u : 
Cufture Medium 



1 liter 
$35 
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Map of Baculovirus Transfer Vectors 
To create ihe pMbae and pPbac vectors, in© 
mefirUn and human placental alkaline phosphatase 
secretory signal sequence a were Introduced Into 
the Nhe I and Bern- 1 dies, respectively;- of the 
[rans/er vector pJVPiOZ. Therefore, genes to be 
sipressed can oe introduced unWlrecrlonaJly Into 
tne Sma I/Be/nH I sites of the vectors 



Nh»l Srhal 3err^U 

pPbBC ...GCTAGCCATC.ijg.GTQ... _.GAG.AAC.CCQ.QGA... 
start 

pMbac ...acTAGCATcgoAAA ccA,Aac.cca.aoa.. 



T -800-424-5444 • 45 
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Prokaryotic Gene Fusion Vectors 


. pGEX-IXT 


• Induction: tac promoter inducible with 1-5 mM 1PTG. 

• Expression; Proteins are expressed as fusion proteins with the 26-kDa glutathione 
S-cransferase (GST). The GST gene contains an ATG and ribosome-binding site, and is under 
control of the fac promoter. Translation xrminarors are provided in all three reading frames. 
The resulting fusion protein may be purified on Glurachione Sepharose (17-0756-01) or oh 
prepacked Glutathione Sepharosc columns (17-0757-01). 

• Enzymatic d ravage 




X 


X 


X 


X 


X 


pGEX-2T 


For pGEX-IXT: The GST carrier protein may be separated from the fusion proccin using 
□Sc sicc-speciik protease thrombin. 


tac 


X 


X 


X 


X 


X 


For pCEX«2T: The GST carrier protein may be separated from the fusion protein using 
the site-specific prorcase thrombin. ■ 

For pGEX*3X: The GST carrier proccin may be separated from the fusion protein using 
• the site-specific protease factor Xa, 
* Reading frame: 


pCEXSX 


For pCEX-IXT: The reading frame ar the EcoR ) sire is GAA TTC ATC. This is compatible 
with the EcoR I site in Xgtl 1 . 


tac 


X 


X 


X 


X 


X 


For pGEX-2T: The reading frame ac the £coR" I site is GGA ATT CAT. 
For pCEXOX: The reading frame ar che EcoR I sire is GGG AAT TCA. 
« Host(s): E. colL The plasrnid provides lac F repressor. 

• Selectable marker(s): Plasrnid confers resistance to 50 ug/ml ampicillin. 

• Ampliftrnrlnru Rrcomrncnded. 


pRIT2T 


• Induction? 1 he l.nmhrla P. Dfomorpf is induced hv *hifrtni» rh* c*rnu/rK t*n*nAr^nt*m fr*> m 

- 30°C 'Co 42°C for 90 rrunures. 

• Expression: Proteins are expressed as fusion proteins with Staplrytocaccal protein A. The 
/ lambda ero genesupplics an ATG. No signal sequence is'providcd; therefore the protein . 

; remains inrracellulat Transcription and Translation termination signals are provided. Fusion ( 
'OTproreih may be purified on TgG Sepharosc (17-0969-0 1)1 The size of the protein A carrier 
'\. protein is about 24 kDa. : 1 * ' . 

Host(s): N4830-1/NC99I*. N4830-1 'must-be used for expression; as it conaihsthc' ' 

Temperature -sen si rive c/857 repressor • , ■ - . _ ' 

• Selectable maHccr^s); Plasrnid confers resistance. to 100 ug/ml ampicillin. 
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X 


X 


X 




pEZZ 18 


• Expression: Expression is controlled by both the (adJVS and protein A promoters and is not 
inducible. Proteins are expressed as fusions wfth the synthetic ZZ peptide which is based oh 
an IgG binding domain of protein A. The protein A signal sequence is provided so expression 
in £. co/j leads to secretion of fusion proteins into the culture medium. Elements of the 
protein A gene provide both the ATG and ribosome-binding sire. Stop codons must be 
provided by the insert. Fusion protein may be purified on IgG Sepharose (17-0969-01). 

The size of che ZZ carrier is about 14 kDa. 

• Sequencing: M13 Universal Sequencing Primer and Ml 3 -40 Sequencing Primer can be 
used for both double-stranded and smgje-strandcd sequencing, A protocol for production 
of single-stranded DNA is provided with the vector. 

• Coning: Inserts containing a stop codon will yield white colonies when grown on media 
containing X-g3L 

• Hosc(s): £. coU. 

■'Selectable markers): Plasrnid confers resistance to 70 ng/mi ampicillin. 
» Amplification: Rccomrnended. 


UV5 




X 


X 






pMC1871 


• Expression: The tac gene is promotericss and massing the first eight non-essential amino adds. 

Inserts cloned Into the Sma I site give fusion proteins with (S-gal. Irucrr. must contain a 

promote; ATG, and ribosomc-bindingsite. 
" Host(s): £. coii strains carrying a lac deletion. 

► Selectable marker^): Plasrnid confers resistance to 1 5 fig/ml tetracycline. 
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Not*: Fc* WgMeveJ rranjfo^ D.J. Mol BioL 16<h 557 (1983)], 



IQ: To Order or for Technical Service: *T (800) 526-3593 
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The EMBO Journal vol.15 no.7 p. 1751. 1996 



Corrigendum/Erratum 

A novel vascular endothelial growth factor, 
VEGF-C, is a ligand for the FIt4 (VEGFR-3) and 
KDR (VEGFR-2) receptor tyrosine kinases 

Vladimir Joukov, Katri Pajusola, Arja Kaipainen, 

Dmitri Chiiov, Isto Lahtinen, Eola Kukk, 

Olli Saksela, Nisse Kalkkinen and Kari Alitalo 

The EMBO Journal. 15. 290-298. 1996 

Our recent results on the nascent VEGF-C polypeptide 
immunoprecipitated from metaboiically labelled cells sug- 
gest that the intracellular precursor protein is larger than 
the secreted protein, for which we predicted the open 
reading frame given in our paper in EMBO 7.. 15 (2), 
290-298 (1996). This would suggest that an upstream 
ATG codon at position 352 in the same reading frame of 

■ the VEGF-C cDNA sequence (accession number X94216) 
is used for initiation of translation, resulting in an addi- 
tional N-terminal 'prepro- VEGF-C peptide: MHLLGFFS- 
VACSLLAAALLPGPREAPAAAAAFESGLDLSDAEP- 
DAGEATAYASKDLEEQLRSVSSVDEL. This sequence 
is identical to the N-terminus of the peptide sequence of 

Lee et at. (U43142), submitted to the database on 

December 12, 1995. Re numbering. of amino ac^ . - 

: of VEGF-C presented in : Figure 3B -wOuitf thea W^O^TV : - V. v "v : 

419 and in Figure 3C 275-365- (starting from "the first^ 

methionine residue of the 4 preprc-VEGF^C;JI^ "" , i _ 

"sequence underlined in Figure 3fi"thus represents^ tfie. CPS,- ■ : ?• ^X-o^ " 

terminal part of the 'prepro- VEGF-C*" peptide" rattferV^anK"; 

the signal peptide. However,, the alignment of the homo- T \ >> 

logous sequences in Figure 3B and C remains unchanged; ' V v "~ 

The predicted molecular mass of the entire VEGF-C 

precursor- is 46 883 and the length is 419 amino acid 

residues. Our EMBL, GenBank and DDBJ entry X94216 

includes these features. 

The sentence on the title page 290: 'B.Olofsson and 
K.Pajusola contributed equally to this work, as did 
K.Alitalo and U.Eriksson* was erroneously copied by 
Oxford University Press from the given title page of the 
reference: Olofsson.B. et aL (1996) Proc. Natl Acad. Sci. 
USA, in press. 



COPSED BY THE MEDICAL LIBRARY 
UNIVERSITY OF WESTERN AUSTRALIA 

nATF . - 1 mt m 



ON BEHALF OF: 

"-■-J 



COMMONWEALTH OF AUSTRALIA 



(Patents Act 1990) 

; / - IN THE MATTER OF : r Austranan 

Patent Application 696764 
(73941/94). In the name of: 
Human Genome Sciences Inc. / 

IN THE MATTER OF : Opposition 
thereto by Ludwig Institute for Cancer 
Research, under Section 59 of the 
Patents Act. 

Annexure GBC-8 . 

This ; is Annexure GBC-8 referred; Jo in my Statutory Declaration made this 




Gary Baxter Cox 



WITNESS: ttt-^ 



, : :, : Patent: Attorney,, . ,. f^Tee_^ 



520 M. SHIBUYA et at. 



23S - 




2SS - 



18S - 





1 2-. 3 -4 5 

MP 



23'S - 



18S- 





Fignre 1 Northern blot -analysis of the human fit gene. Poly (A)" 
RNA was prepared from various tissues and cell lines (see 
Materials and methods), and 2pg of these RNAs were separated 
on a gel. transferred to a nitrocellulose filter and hybridized with 
EcoRI-BamHI 0-SScb fragment of human genomic fit '' DNA 
(Matsiishime et oi^ 1987) (upper panel in a) or with #3-7 fit 
cDNA (lower panel in a, and b) as a probe. RNA samples .in (a): 
lane I, KB ceil; lane 2, 293 cell (a cell line derived from human 
embryo kidney); lane 3, Daudi (B-lymphoma); lane 4, Namalwa 
(B-lymphoma); iane 5, Kato-III (human gastric, adenocarcinoma 
cell* line); lane 6, Ito-FI (human testicular tumor cell . line); "lane 7, 
Mbit-4 (T-lymphoma); lane 8, B16. (mouse melanoma ceil! line); 
lane 9V human placenta. RNA samples in (b): lane I, human pla- 
centa (low amount of RNA, 0.2 pg); lane X human placenta; lane 
3,. human liver; lane 4 f human muscle; lane 5, human kidney; lane 
6, 293 ceil line; lane 7, 293E1 ceil line; lane S, BeWo (human cho- 
riocarcinoma ceil line) 



upstream from this ATG codon, we consider that this 
ATG is the. initiation codon of fit gene product far tb*-"" 
following reasons: (1) the nucleotide residue I to 249 arc' 
extremely- GC-rich (ap proximately 30%) and' this char- 
acteristic is similar to that of the upstream noncoding 



region of several other receptor-type tyrosine ici 
genes, i.e. EGF receptor and insulin receptor g- n - 
(Ullrich ar a/., 1984; Ebina et a/., 1985; Ullrich etal 
1985), (2) a short stretch including the 250-252 ATr 
codon, TCACCATGG, is well matched with Kozalej 
■ criteria CC(A/G)CCATGG for the initiation codon & 
mammalian species. (Kozak, 1984); (3) this ATG is fop 
lowed by 21 codons which are mostly for hydrophobic^ 
amino acids, and therefore the .features of this region ar?t 
consistent with these of a signal peptide of mcmbran^ 
proteins; (4) the position of this ATG codon is identicajl 
to the position of the initiation codons in the/mj geae? 
family when the cysteine residues in the fit extracellular^ 
domain are aligned to those bf the fms gene product*! 
Calculating from this ATG codon as the amino acidl 
residue 1, the predicted fit gene product consists* of 133^§ 
amino acid residues and the molecular weight wa*§ 
expected to be 150 565 daltonsj 



Possible domain structure of the fit gene product 



■1 



The fit product can be subdivided into three regions: a a 
758-amino-acid extracellular domain; a 22-amino-acicfp 
transmembrane domain- which; is followed by a : cluster^ 
of basic amino acids (Arg-Lys-Met-Lys-Arg); : a 558-1;' 
amino-acid cytoplasmic region containing a tyrosine's 
kinase domain. This kinase dojmain has a Gly-x-Gly-i-^f 
x-Gly stretch at. the residues .83)4-839, a conserved lysine^ 
at the ATP binding site- (residue 861) and a tyrosine^ 
residue (# 1053) as the putative autophosphorylation/f 
.'site which corresponds to tyrosine- #416 in the sre genef 
: product. One of the most remarkable features bfthejft f 
^tyrosine kinase domain is a very long peptide (66 amino X 
..,acids) insertion; at the middle of the kinase domain. The % 
position and. the length of this! insert are essentially the! 
.. •same as those in th^ fins gene family [Figure -3). rturther-1' 
more, a striking, similarity berweea fit gene product and v 
' the. c-/mj*gene' family was. also] detected in the distribu-/ 
tipn of . cysteine, residues within the extracellular , 
domain, as shown in Figures 3 land 4. Thus, the fit gene-"? 
appears to belong to the ; fins j family, and also! to the } 
immunoglobulin superfamily' I in which cysteine resi- 
dues form intramolecular disulfide bonds for appropri- 
ate folding of ligand.bihding dobain (Williams, 1989). 

However, 'a clear structural tiirTerence exists between 
the fit gene product and the fins family: the length of the X : 
extracellular domain in the fit gfene product is about. 220^ 
amino acids longer than those in the/mj, kit andiPDGF t 
receptor gene products. Although there are; several pos- f 
sible explanations for the origin! of thisyfr-specifici region | 
(Stretch b in Figure 4), a partial gene. duplication in theji- 
extracellular domain' seems most likely, because k-wcak'g 
but significant .' amino acid • homology was observed £ 
between the ^t-sp^cific sequence (residues 550-745)" and 1 * 
the 230-arnino-acid . region just; upstream of the: trans- M 
membrane. domain in the/mj. family (Figure 4). R'ecendyl 
we have confirmed" the presence* of this yfr-speciific! region | 
in murine fit cDNA (Yamane*& Shibuya, unpuolished 
results). j 

Homology between fit and other tyrosine kinase genes 

■■ Since the^r gene was originally; isolated on the basis of] 
.a weak nucleotide homology ! with v-ros; DNA, theJ 
overall homologies of the .fit tyrosine kinase domain] 
except for the insert region at the amino- acid level were.. 
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aCCttearmtatWTicaatttlW ul ill I ■ a J CTaa^ce»a;aaauaTCC*»*Cat»;a»aCa«a WCf«CCr»CCfffT»riTaaa. 
TC* iriaja«4C«aawa»crwtcr«t3Ja?a«T«rt»a^a«Tgr«jT-a^ rmeercTa 
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rrueitmritTetracrttmiiricmai 

rr aac aaacaa a a 4CCIVT I f H.UT a aaaTa aacrClai 

«r»TTCa»*»aa rwtii iaT-rr»»i aa tctaa aatrraaa rtTTaCt 1~ra«CTCaT «T* « H 
•tttt. ccra rrrcact aarrm? a a.n«cra a t aan-ec tsrrc*T*a»a* r«eaaai^«TCCJ4tT»8T*c*ratarrpeaecafei<* 
' «*• ^»at4«^c»r>»<rT^cCTf^T*aa«]C*.aWa»Tt^a4^rT»aaattrrCT 
r t«i aa>cc CT * a a a af* *rcm^r acw 



Figure 2 Nucleotide sequence and predicted amino acid sequence. af the/: cDNA. (a) Representative cDNA clones, restriction sites 
and the open reading, frame arc indicated, (b) Nucleotide and amino acid sequences in the fit gene. The number of amino arid 
residues is started from the putative initiation codon at nucleotide residue 250-252. A heavy underline at the amiho terminal region 
indicates a possible signal peptide. Another heavy underline in the middle of the sequence shows putative- transmembrane domain. 
Cysteine residues within the extracellular domain (1-19) are- encircled.. Potential N-glyco aviation sites in the same domain are shown 
by broken lines. Small open circles indicate glysine residues: it Q-XrCrX-X-O region .in- the- tyrosine kinase domain, and closed circle . 
represents putative ATP binding site. Thin underline in' the middle' of the- cytoplasmic domain indicates the' long, insert within the 
kinase domain, and the open square shows the tyrosine residue- for a possible autophosphorylation. B; Bglll; H, Hind III-; N. Ncol; S, 



compared among various other protein kinase genes. As 
s town in Table 1, the homology was higher with trie, 
y^s family (54-60%), whereas those with other receptor- 
type' (including c-roj gene) or non-receptor-type tyrosine 
kinase genes were lower (35-38%). Thus the : homology' 
score further supports the hypothesis that the fit genesis 
closely related to the fms family (Figure 5).. ■ * 
• Although the amino acid homology in the tyrosine'., 
kinase domain is remarkable between the fit and fms' 
families, the- long peptide insen in t*he middle of the^J 



tyrosine kinase domain has little or no significant 
homology . with the insert of any member of the fms 
family. Thus, this region might have a role in 'specific 
function(s) of each gene product of j the zfms/fti lkmiXy.. 
"Recently, Escobedp & Williams '(1:988) have reported 
that a mutant of PDGF- receptor :carrying/a deletion 
within the insert region in :he' kinase domain* cannot 
stimulate mitogenic response in spite- of exhibiting- tyro- 
sine kinase activity and other biological functions in 
response to PDGF. 
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26 9 NWTYLGPFSOYCCKLOFVriKCTYRY-rSTLSLPRLKRSES 
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Figure 3 Comparison of the amino acid sequences between fit 
gene and other members of fms family, .{/m*, At and PDGF 
receptor). The amino acid sequences were aligned, and gaps (empty 
space) were introduced for optimal homology. Amino acids in the 
fms family identical to those in the fit gene product arc-indicated 
by a. dash.- The sequence of PDGF receptor is- that reported by 
Yaxdcn er at. (1986). (a) Similarity of the extracellular domain. The . 
regions from signal peptides (SP)' to the middle of .transmembrane 
domains are indicated. All cysteine residues are circled or boxed. 

. Ammo acid residues "#5J0 to #745 are -specific, (b) Similarity 
of the intracellular domain. The regions from- the middferof trans- ■ \ 

( membrane domain (TM) to -the carboxyt ends are indicated;. Three 
conserved glysine residues, the lysine for 'the potential ATP 
binding site and the potential tyrosine auto phosphorylation site 
are. indicated by open circles, by a closed circle and by a open 
square, respectively. The region of tyrosine kinase domain- is 
shown by arrows 

£ ^. r "i- 0n °f the flt gene in cell lines and normal tissues 
In-order to study the physiological significance. of the/r 
gene^ita; .expression, was- examined fcy -Northern blot 
analysis using, molecularly cloned fit cDNA. PoIy(A)"- 
RNAs obtained from a variety of normal tissues and 




fit 70? LGPG SSTL F- I ERV T EE DEC vfj^ATN 

fas 4ai lS3SHSEVLSQV?fYEV:VHSlLA:GTLEHNR7f©ArN 

fit 736 OKGSVESSAY tTVQC TSDKSNL 
ias S21 SVGNSSQTnfPISICAHTPLPO 

Figure 4 A possible partial gene duplication of extracellular ■ 
domain in the fit sequence. . About' 280* amino acid residues' 
uipstrearn from- the transmembrane domain (shadowed; box) in the 

, . jffrand th*e/mr genes are compared. Highly conserved: regions are '" 
- ; boxed and. all cysteine residues are circled. Sequences m (a) and in 

%^ b ^ ^r e considereti t0 bc Partially duplicated in the fit genome • 

^elhlines, were hybridized with #3-7 i'6kb-;human/r 
>• cDNA.-: As shown in Figure; lb, a higher expression was 
[.detected. in. human placenta- tissue, and .weakly hybrid- 
Bed: .bands: were observed in human embryo- kidney- 
derived cell lines, 293! and ' 293 El, ! and a 
choriocarcinoma cell line, Be Wo (Graham ei a/., 4977; 
Chinnadurai.er o/., 1978; Pattillo et af., 1968). In addi- 
tion, faint bands were also detected in liver, rnuscle and 
kidney of human. 

To examine further the tissue-specific; expression of 
the^f: gene in animals, we rrioleculariy cloned | the entire 

Table 1 Amino acid homology in. tyrosine kinase domain between 
fit gene and other genes of sre family ; 



Gene 



Amino-haif 

■ % 



Insert' 

% 



Carboxyl-half\\ : { 

\ % 



y-fms 

PDGF-Roctt 
PDGF-R^t 
. v-Jkir 
v-eroi3 
y-ros 
v-src 
v-fps _ 



57 
59 
57 
62 
26 
32 
30 
32 



5 
13 
13 
11 



53 
58 
53 
58 
42 
43 
38 
41 



"^■residue #8l'j-#929 * 
••J #930-#994. . 
f #995-s* 1T52 

ft PDGF-Ra: Matsui er a/.; 1989 
: PDGF-R^; Yarden et aL 19S6 



FLT RECEPTOR GENE tS A NEW MEMBER. OF FMS FAMILY 



receptor 



fit 

fms erb3 



C i membr. 



»l"l a i. 



Table 2 Expression of/?: gen c in normal tissues an d cell lines 
SormaTtissues Celt line 



sre *ps abl 



I I I 



V t 



Human 
placenta 
muscle 
liver 
kidney 

Rat 
placenta 
lung 

' heart 
brain 
testis 
thymus 
kidney 
liver 



. Figure 5 Schematic comparison of the fit gene product with 
those of other representative tyrosine kinase genes 



coding region of fit cDNA of rat, and both human and 
rat -fit cDNAs were used as probes. The nucleotide . 
sequence of rat fit cDNA will be described ' elsewhere 
(Yioiane & Shibuya, unpublished). In adult tissues of 
fit mRNA. was detected in many tissues - such as 

highest cxpressVoa was observed itt.;tKe-lu^ 
Table 2);^;^ 

In contrast to. these. rlrTdingsi. the ^rmRNA/was^notS 
detectablcy'bn"ext« 

human tumor cell lines examined. These malignant ceil 1 - 
lines include epithelial and adenomatous: carcinomas; Ji :* 
and B - lymph omas* " and l~e uk ernias" of ery t hrdici; gf an u I p- £ 
(r tic and monocytic lineages (Figure . i; Tabic 2).'I.Tfiese* 
results might suggest that the fit gene is not directly 



Human 

3eWo (choriocarcinoma) 
T3M3 (choriocarcinoma) 
293 (embryo kidney) - 
293 El (embryo kidney) 
Daudi (B-tymphoma) 
Namalwa (B-lymphama> 
Raji (B-lymphoma) 
Molt-4 (T-lymphoma)" 
HL60 (promyelocyte leukemia) 
K562 (chronic myelogenous 

leukemia); 
Heia (cervical cancer) 
A431 (epiiheloid cancer) -. 
Kato-III (gastric cancer) 
GK-T3 (small ceil lung ca.) 
Ito-II (testicular tumor) 
FL (amnion aissue) 
A549 
I43B 

Mouse 

B16 melanoma 



•+/- 



23S - 



18S - 



18S ■ 




FTgnre 6 ^Expression- of' fit- gene iru various- normal: tissues* of tau. 
About* 2./*g ? of,' poly (A)* RNA. was separated. on an- agarose gel; 
transferred., ta avnitrocellulose filter and: hybridized: with; 0:9 kb 'rat 
fit cDNA' corresponding to- tyrosine kinase domain (upper, panel) 
or- chicken be'ta-actinrcDNA (lower pane!)- as- pro bear Lane-l- liver- 
lane 2, kidney; lane 3. thymus; lane 4, testis; lane 5. placenta: lane 
6; brain; lane 7, heart; lane 3, lung ■ 



involved in the process of.ceil proliferation, but in differ- 
entiation or maintenance of normal tissues in .physio- 
logicalcohditions. ; 

Subgenomic fragments of the fit mRNA 

;^A-/gehp^ corresponding to. the' middle 

;;^6rtio^ domain> detected only 7.5-8.0 kb 

Ti ; species'. 6X 'mi?^ A ^figure la);, whereas, #3-7 cDNA' 
; : - ; probe,.;.whichrb^ entire coding, region of fit gene, 

;^ detected% mRNA- (2;2Vand;3.0^kb) as well 

Sas.V7^8:&kb^ I). "As an explanation/ for 

K";.th'ese- smail^sjize^mRNAs, v.crossihybridizatibnSofcthis - 
" cQNA..^^ tyrosine-/ kinase>-\.gen6s^sc'enisr 

■ \inlikeiy^r^ the; cells express^ 

fit • mRNA • also . showed ' 2.2 and'| 3.pkb mRNAs ^hen 
hybridized with #3-7 cDNA pio.be. Our preliminary 
results (ikeda-.& Shibuya,. unpublished results) indicate 
that these short mRNAs appear to-be due to.- premature 
termination of the transcripts within the extracellular 
domain of the fit gene. Since, th'ese small fit mftNAs 
could encode for about . amino ^terminal half of; the 
extracellular domain of this "gene product, these rnpl- 
ecules might have a - regulatory | role in physiological 
condition, through binding and . absorbing the!* yet 
unidentified fit ligand. : 

Is the fit gene involved in carcinogenesis of animals? \ 

.A relationship, between the fit, gene and., tumqrigenicity- 

■ in -higher, organisms was examined, by Southern iblot 
• analysis^ Approximately 100. human' tumor cells (about 

30 gastric cancers, 25 brain tumors, 10 colon cancers 
and other types).- did not carry gene amplification or 
rearranged fragments- of fit DNAj 'at a .'detectable level 
(data- not shown).. Thus, we have "no direct evidence to 
support the involvement of fit gene in carcinogenesis of 
. animals. However,. "Walker et a/.; (1987). have, recently 
.reported overexpression of an- 8.5«kb mRNA in experr- 
'mental ..rat. tracheal carcinoma which was detected. by ■ 
'."cross-hybridization: with v-fms "proberl t would; be; "inter- 
esting to clarify whether this 8.5 kb /ms-iike gene in xats 
is a cognate cellular gene of the human fit. . 
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Materials and methods 
Construction of the cDN A library 

Poly (A)* RNA was prepared from fresh cissue of normal 
human placenta and used for making a cDNA library. The 
library was constructed by the method described by LaPolla 
et al (1984). Briefly, 5 jig of poly (A)" RNA was: used for syn- 
thesis of the nrst strand cDNA with AM V reverse tran- 
scriptase and oligo(dT) primer. The second strand was then 
synthesized with £. coli DNA polymerase I and RNAaae H 
for RNA primers. The cDNAa were treated with T4 DNA 
polymerase to make the ends flush, and the internal EcoRI 
sites were methylated. Both ends of cDNAs were iigated with 
EcbRI linkers and digested with EcoRI" restriction endo- 
. nuclease. Since the size of Jit mRNA detected: in- Northern 
analysis was 7.5-8.0 kb, cDNAs were size-fractionated on a 
Bio-Rad A5m Sepharose column, and the fraction containing 
larger cDNA molecules were collected and Iigated to/AgttO or 
^.gtll arms. The DNAs were packaged into pnage particles 
with a Gigapack plus kit and approximately 5 x; 10 3 indepen- 
dent phase clones were obtained. The size of inserts in these 
clones was about 2kb on average. This cDNA- library was 
screened with fit- genomic DNA probe using a method 
described by Benton & Davis (1977). 

DNA sequencing 

Two overlapping cDNA clones, #3-7 and [ # 3-5 were 
sequenced by the dideoxynucleotidc method (Sanger -et al, 
1977). To sequence both strands, these fit cDN/^s were sub- 
cloned in pUC. plasmid vectors in both orientations and 
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various celetions from the 5'- or 3'-end were introduced in K 
the cDNA molecules by using a DNA deletion kit A 
Shuzo, Kyoto). For DNA sequencing these dele-iS 
containing plasmid DNAs were prepared and denatured' 
single-stranded form by an alkali method. The coding rerinil 
of the .fit DNA were sequenced at least three times, inciudi^ 
both directions. ^ 



Northern blotting analysis 

Total cellular RNA was prepared from' various cell lines anP 
tissues by a guanidine/cesium chloride centrifugation meth!£r 
(Chirgwin et al, 1979). Poly (A)" RNA was obtained usin?* 
oligo(dT) column chromatography and separated' o a 
formaldehyde-containing agarose gel (Lehrach- et al^ 1977?^ 
RNA was transferred to a nitrocellulose filter, 'baked for <U%' 
ation and hybridized with; 7?: genomic- or complementary^ 
DNA ■ sequences. Hybridization condition was 3 x s&r 
(1 x SSC: 0.15 m NaCl, 0.015 m Na citrate), 50% : formamidV^ 
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Angiogenesis in vivo is distinguished by four stages: subsequent to the 
transduction of signals io differentiate, stage 1 is defined as an altered proteolytic 
balance of the cell allowing it to digest through the surrounding matrix. These 
committed cells then proliferate (stage 2), and migrate (stage 3) to form. aligned 
cords of ceils. The final stage is the development of vessel patency (stage 4), 
generated by a coalescing of intracellular vacuoles. Subsequently, these structures 
anastamose and the initial flow of blood, through the new vessel completes the 
process. We present and discuss how the available models most closely represent ' 
phases of in vivo angiogenesis. The enhancement of angiogenesis by hyaluronic 
acid fragments, transforming growth factor /?. tumor necrosis factor a, angiogenic 
okadaic acid, fibroblast growth factor, interleukin a, vascular endothelial growth, 
factor, haptoglobin, and gangliosides; and the inhibition of the process by, 
hyaluronic acid, estrogen metabolites; genestein, heparin, cyclosporinA, placental' 
; RNase inhibitor, steroids, collagen synthesis inhibitors, thrombospondin/fumage^ 
"inri. protamine are also discussed.. ' ^■■^■■■■•S'^ 

KEY WORDS: Angiogenesis, Cell proliferation. Ceil migration, Proteolytic balance, 
Collagen synthesis inhibitors. 



I. Introduction 



Endothelial cells are derived from pluripotent mesodermal precursors 
during the process of vasculogenesis, which occurs in the extraembryonic 
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mesoderm of the yolk .sac in both avian and mammalian embrvos. and in 
selected organ systems (Risau and Lemmon. 1988: Pardanaud c'r aL. 1989). 
Angiogenesis is the development of the complex network of blood vessels 
that occurs following vasculogenesis, when endothelial cells proliferate 
and migrate throughout the embryo. The process of angiogenesis is im- 
portant not only during embryologicaldevelopment. bufduring a. variety 
of normal and pathological conditions in the aduit, including ovulation, 
implantation, during mammary giand changes associated with. lactation, 
bone formation, inflammation wound repair ( Jakob et aL. 1977; Gospodar- 
owicz and Thakrai. 1973: Nomura et aL. 1989: 8rannstr6m et aL. 1988: 
Knighton et aL. 1990). and tumor growth (Folkman. 1985" Furcht 
1986). 

Light and electron microscopy studies, combined with in situ hybridiza- 
tion, of both the normal genesis of vessels during embryological develop- 
ment and during tumor angiogenesis have demonstrated a number.of dis- 
crete events that occur during antiogenesis (Schoeff. 1963: Yamagami, 
1970). Following a stimulus for neovascularization endothelial ceils change 
their morphology and begin to degrade their surrounding basement mem- 
brane (Ausprunk and Folkman. 1977; Moscatelli et aL„. 1980: Gross, et 
aL. 1983). These "leading" ceils must modulate the expression of their 
proteases to allow degradation of existing extracellular matrix (ECM) 
.^components. . and themigrating ceils following thislront mu^Se" sup ported: . 
. by the appropriate ECM to allow for their proliferation, migration, and: 
.differentiation into vascular tubes v This initial migration. arid; proliferation;:. 
; : .is.in a fibronectin-rich ECM, and during the later stages of angib^riesis;; 
when cords of endothelial cells align, the cells express lamihin;: a matrix 
component associated with vascular maturation (Risau and Lemmon^ 
.1988). Finally, the generation of vessel patency is achieved by the coalesc- 
ing of intra- and intercellular vacuoles (Sabin. 1920; Lewis 1925* Clark 
and Clark, 1937). 

The dependence of tumor growth on angiogenesis is well documented 
(Folkman. 1990). This relationship has been demonstrated for many types 
of tumor, invasive breast cancer (Weidner et aL, 1991), non-small cell 
lung cancer (Macchiarini et aL, 1992), and prostate carcinoma (Weidner 
et aL. 1993). Studies using the pancreatic /3 ceils of animals transgenic 
for a hybrid oncogene (RIP I -Tag!) (Brinster et aL, 1993) would indicate 
that angiogenesis is an important step in carcinogenesis in this system 
(Folkman et aL, 1989a). 

To investigate factors that influence angiogenesis and to gain a more 
fundamental understanding of the cellular processes involved in the gener- . 
ation of capillaries, it has been necessary to develop a number of models 
of angiogenesis. 



ANGIOGENESIS 

II. Models of Angiagenesis 
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A. Chicken Chorioallantoic Membrane Assay 

The chicken chorioallantoic membrane assay is a technique traditionally 
used by embryologists chat involves analysis of the developmental po- 
tential of grafts transplanted onto the chorioallantoic membrane (CAM). 
Because the early chicken embryo lacks a complete immune system xe- 
nografts from mammalian species become established and grow. 
Vascularization of these grafts is rapid. 

Sorgente and colleagues (1975) first described the inhibitory effects of 
cartilage grafts on vascular development using this model. Subsequently. 
Folkman and co-workers (1979) used the model to study tumor angiogen- 
esis directly. Fertile eggs were incubated for 72 hr arid prepared for grafting 
by removal of enough albumin to facilitate the placement of a graft without 
. causing subsequent cramping and sticking to the shell membrane. A rectan- 
gular window was cut in the shell to place and access the graft or test 
substance on the CAM.. Angiogenesis was scored 3 — (■ days after grafting. 
Angiogenesis was considered to have been induced if a spoke-wheel 
arrangement of vessels was generated, directed to.ward the graft.. Sub- 
stances were lyophilized onto: coverslips/ then applied to ; the GAM -to- 
examine the effects on angiogenesis (Folkman et a/;,. 1979). : ■ , 
Quantitation of angiogenesis. using the.-CAMijissa^ 
.. : on a graded score of 0—4, by obser^ation.-Computer. analyst 
quently applied to score the total number of vessels and obtain a directional 
• vector value ( Voss et at. , 1984; Jakob and VbssV r984);;The; userbf labeled^ 
sulfate to follow the angiogenic process has also made ""qu^titatibn^'mpre^ 
accurate (Spisni et a/., 1992). Apart from problems associated wittf quantt-" 
tation, the most common problem is the result of false positives' due to 
wounding or irritants generated during the. initial setting up of the assay. 
Because an angiogenic response may be consequent to wound healing or 
inflammation (Mahaderan et ai., 1989), this problem is not surprising. The 
CAM assay is sensitive to modification by many factors, including gas 
content and pH. The most pronounced variation observed is of keratiniza- 
tion, which in turn has significant effects on the CAM response to stimula- 
tion (Ausprunk et ai., 1991). This method has been applied to a wide range 
of both inhibitors and inducers of angiogenesis, as discussed in subsequent 
sections of this article (Folkman and Klagsbrun. 1987). 

A further development of this model has been the in vitro method of 
maintaining the chick embryo in culture (Auerbach et ai., 1974). Although, 
this is an in vitro assay, it is closest to a whole animal assay because the 
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entire embryo and its membranes remain intact. In this a.s.sav the e«- 
content us transferred to a petri dish, where development continues to 
take place. This model has the advantage that multiple -rafts can be 
placed on one embryo, and the effects can be' photoeraphed over time 
Quantitation is simplified by the fact that the in vitro CAM presents a 
two-dimensional monolayer, not subject to the distortion of the in- quo 
CAM assay. The advantage is that multiple grafts may then be placed on 
the one embryo, and they can more easily be photographed over time. A 
further modification of the in uitro CAM assay, in "which, the embryo is 
supported on Gladwrap stretched across the mouth of a beaker (Dunn et 
aL. 1981). has improved embryo survival. The advantages of increased 
viability are offset by the difficulty in photographing the results. This 
model is technically easier that the in ouo assay and is better suited to 
large-scale experiments. The addition of sterile silicon rings on the yolk 
sac membrane creates discrete observation windows and assists in quanti- 
tation (Takigawa et aL, 1990). 



B. Corneal Neovascularization Model 

. As the cornea is normally avascular, induction of an angiogenic reaction 
:~ -is a true demonstration of neovascularization (Hendkin. 1978 >; The earliest 
. studies of .corneal neovascularization were in the rabbit (Gimbrone -a/.. 
■;1974), in which: insertion of tumor cells or .extracts" p laced:' within; 2 mrri: -> : 
- of the cornea-scleral junction generated vascular spro^ 
' However, because of the absence of genetically "su^ 
and difficulty in handling, other species have been used for angiogenesis 
studies in the cornea, including guinea pigs, rats, and mice (Fournier et 
aL, 1981; Muthukkaruppan and Auerbach, 1979; Muthukkaruppan et aL. 
1982). Although the use of mice overcame the strain variation problem 
their small size' makes the introduction of slow-release polymer into the 
eye a procedure requiring microsurgical skill. Quantitation of corneal 
neovascularization is difficult owing to the variability arising from an 
inability to achieve uniform placement of the test substance. Conse- 
quently, reagents under test have been incorporated into ethyiene-vinyl 
acetate pellets (Elvax) prior to implantation into the cornea (Gimbrone et 
aL, 1974; Risau, 1986). The implantation of tumor cells also requires the 
incorporation of those cells into an inert medium that allows for accurate 
placement (Ausprunk and Foikman, 1977). The expression of corneat- 
derived cytokines such as interleukin 8 (IL-8), which has been shown to 
be angiogenic, may also lead to some variability in assays of angiogenic 
factors (Strieter et aL, 1992). 



f 
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Advances in image analysis (Proia et aL, I98K; Haynes et aL. 1989) 
have improved the capacity to quantitate using the corneal model. Often a 
computerized digitalyzer. for example the Optomax Image analysis system 
(Optomax. Hollis. NY) or similar, is used. This system consists of a high- 
sensitivicy closed circuit television (CCTV) camera mounted on a Nikon 
Optiphot-2 microscope. The image is displayed on a color video monitor 
that is interfaced with a microprocessor. Histological slides stained with 
von Willebrand factor antibodies may be used to locate blood vessel 
formation. Sequential monitoring of neovascularization in individual ani- 
mals makes it possible to evaluate progressive changes in the process 
(Folkvai. 1991 ). Indeed, development of computer-assisted image analysis 
has made many models of angiogenesis more quantitative (Parke et aL, 
1988). 



C. Pouch Assays 

The hamster cheek pouch is considered to be an "immune privileged* ' 
site because allogeneic or xenogeneic grafts may grow without eliciting 
an immune response. The anterior eye chamber is another "immune privi- 
leged" site that has been used. to study neovascularization of preneoplastic 
mammary tumor cells (Polkman et aL, l989b.K Quantitation of this model 
, 4 is by..morphome.tric:anaiysis. of histologically, prepared- sections following. . 
-angiogeneslsv-Tumor implants have also-been -usedf-C-Auerbach :: "er-a/ir-19-7i5)--" 
'.-.-in this model, as have slow-release /vectors to assess thcerTectspf transr^., 
reforming grow^ •' . ^'^"t f^- f y ^ 

The dorsal air sac method was developed by Selye ~(: r953jv' r t6?m6nitbrvV " 
vascularization of tumor grafts. Dorsal air sacs are created by "inject-* 
ing 10-15 ml of air into the backs of rats, and the model- modified 
by the insertion of a transparent window in the skin, through which 
the process may be monitored. Using this model, angiogenesis mediated 
by the injection of tumor cells (Sakamoto et aL, 1991) or endothelial 
cells (Schweigerer et aL, 1992) has been assayed in response to various 
reagents. 

The method of subcutaneous implantation of polyvinyl acetate (PVA) 
sponge disks impregnated with angiogenic factors is in common use (Fa- 
jardo et aL. 1988). Flat sponges of PVA foam are cut into ll-mm disks 
and their flat sides are sealed with Millipore (Bedford, MA) filters. Prior 
to sealing, a core is cut where the test material is to be inserted. This core 
is sealed with a slow-release polymer,, ethylene-vinyl acetate copolymer 
(Elvax) (Langer et aL. 1980), then reinserted into the sponge. The sponges 
are -recovered 1-3 weeks after subcutaneous implantation. Xenon clear- 
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ance has been shown to be a useful means of quantifying new blood vessel 
formation f And rule t>t <iL, 1 987). 

Several in uivo. or in ovo. angiogenesis assays rely on being able to 
deliver a discrete amount of effector substance or ceils to a precise loca- 
tion. Currently reagents are imbedded in Elvax; and Che race of release 
of components is dependent on the thickness of the coating of Elvax. 
making it difficult to reproduce these inserts. Alginate, a giycuron ex- 
tracted from brown seaweed algae, gels in the presence of calcium ions 
or other multivalent counterions by anisocooperatively forming junctions 
between contiguous blocks of ai .4-L-giucuronan residues present in the 
polysaccharide. Growth of avian and mammalian chondrocytes in iono- 
crophically gelled alginate beads demonstrates the potential of using this 
model for an alternative delivery system in angiogenesis models (Guo et 
al.. 1989), or it may provide an alternative method for the slow release 
of effectors of angiogenesis (Downs et ai., 1982). Matrigel can also be 
injected subcutaneousiy in mice, and used as a vehicle to assess angiogenic 
activity of different compounds (Passanti et ai.. 1992: Kibbey et ai.. 1992). 
Although the subcutaneous injection of Matrigel alone is insufficient to 
induce focal angiogenesis when fibroblast growth factor (FGF)-heparin 
is mixed with the Matrigel. in-growth of vessels, is observed within days. 
The Matrigel plug can be removed, and processed for vessel quantitation 
(Passanti et al.. 1992; Kibbey et al.. 1992). 

□ . Mesenteric Window Assay " \ ^- j------ ;:V-^:^.\;: t ^;^xv 

The mesenteric window assay examines the effect of reagents on normally 
vascularized mammalian tissues. Angiogenesis in this model is mediated 
by autologous mast cells, and probably occurs frequently because mast 
cells are activated in tissue trauma, wound healing, inflammation, as well 
as in many clinical and experimental tumors (Enerback and Norrby, 1989). 
Although the mechanism of the mast cell-mediated angiogenic reaction is 
not completely understood it is known that preformed mast cell products 
such as heparin and histamine can be angiogenic (Norrby et aL. 1986, 
1990; Garrison. l990;„Norrby and Sorbo, 1992; Sorbo and Norrby; 1992). 
Mast cell-mediated angiogenesis has also been reported using the CAM 
assay (Clinton et a'L, 1988; Duncan et al.. 1992). 

The mesenteric window assay is well suited to quantitative analysis. In 
addition to the number of vessels per unit length of tissue and the vascu- 
larized area, it permits quantitation of vascular density-arid total vascular 
quantity, as well as measurement of the branching pattern (Norrby et at.. 
1990; Jakobsson and Norrby, 1991). 
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CHAPTER 



ROLE OF CYTOKINES 
IN ENDOTHELIAL CELL FUNCTIONS 



Mareh 5. Lit^in Jennifer Gamble, and Mathew A. Vadas 




* ascular endothelium, consisting of the cells ancTthe 
extracellular matrices (ECM>that line "thelblbpd* vessels, 
displays two. characteristic properties: (a) -endothelial re- 
newal and angiogenesis, and (b) interactions with blood 
molecules and leukocytes. The turnover of endothelial 
cells (ECs) in most adult tissues is exceedingly slow, 
varying from just under 100 days in lung, liver, and mesr 
entery to 1,000 days in brain, but replication periods 
may shorten 20 to 2,000 times during wound healing, 
inflammation, and malignancy, and are even faster in 
uteroplacental tissue and embryogenesis (1,2). Estab- 
lished endothelium regulates the blood coagulation sys- 
tem (3) , the lumenal diameter of its vessel (4) , attachment 
of leukocytes to its surface and their migration into in- 
terstitium (5), and antigen presentation to lymphocytes 
(6). 

Each of the endothelial functions described is coordi- 
nated by cytokines. These soluble, small molecular 
weight proteins are directed at ECs and their neighbors 
from adjoining mast cells, T cells; and macrophages, from 
other EGs;, and. from distant sites upstream in the circula- 
tion.- Many cytokines possessbinding sites orvthe E CM or 
endothelial surface, which" prevent 'them^'from: being 
washed' away in the axial blood stream,; potentially creat- 
ing- an important' periendorlielial cytokine 
We discuss the cytokines invbfvecfin EC proliferation and 
interactions with the blood, with an emphasis on their 
contribution to pathophysiological mechanisms. 



RENEWAL AND ANGIOGENESIS 



Endothelial renewal entails EC multiplication and migra- 
tion (9,10). However, in addition to local EC division, 
there may be a role in vivo for a circulating pool of EC 
precursors, the existence of which has been implied by. 
the finding of ECs in the bloodstream (11). 

Angiogenesis, in contrast, summarizes a myriad of ac- 
tivities leading to the formation of an entire new blood 
vessel. It may be divided into component stages, using 
models such as cultured ECs on a three-dimensional (3D) 
gel or the growth of vessels on cornea or chorioallantoic 
membrane. New capillaries begin the process by sprout- 
ing from venules as ECs move in response to a migratory 
stimulus through basement membrane that has been lo- 
cally degraded. The motile ECs elongate and align to cre- 
ate a solid sprout, which lengthens, canalizes, and joins 
other sprouts to form a loop. Pericytes adjoin the ECs, 
and the mature; stable capillary is- formed (12). The place 
of cytokines in each stage may be studied. 

Fibroblast growth factor 

BACKGROUND: Fibroblast growth factor (FGF) 
comprises a family of at least seven heparin binding 
growth factors sharing 35 to 55% amino acid identity. 
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FGF-1 and FGF-2 (acidic and basic FGF) are the best 
characterized iso forms and are the subject of this review, 
in which they are generally viewed synonomously. Each 
is a 154 amino acid polypeptide and together they are 
produced by most cell types, including ECs (13). 

FGF is thought by some to be the principal cytokine 
involved- in the in vivo induction of angiogenesis (9,14). 
It is expressed ubiquitously in normal adult tissues, but a 
paradox is raised in that endothelial proliferation in these 
tissues is generally quiescent, except in the female repro- 
ductive organs and at sites of pathology." This inactivity is 
not accounted for by FGF's lack of a classic signal se- 
quence for secretion, because it is found extracellularly, 
possibly due to a truncated receptor, which serves as a 
secretory carrier (15). A more likely explanation is that 
the cellular responses to FGF are mediated by a receptor 
complex comprising heparin sulfate moieties, rather than 
by a single protein, which is subject to considerable poly- 
morphism (16). 

EFFECTS ON ECS IN VITRO: FGF stimulates pro- 
liferation and migration of cultured ECs (9,14,17), but,.in 
addition to "promitotic actions,, it has'several pUier 
that are likely to be important.. One ;pf ^ 
hallmarks, of migrating ECs is expression, of plasminogeriv ;: 
activator (PA),. a central mediator dt^^cA^&^^teo^^ 
ysis. FGF up-regulates the synthesis of PA ^ ahcU collagen-^ 
ase (17-19). Wounding of art EC . monolayer ^ 
marked, rapid, and sustained ' increase ihMe^r^wn, of 
specific high-affinity receptor for the ufbto^eir^e^^ 
(u-PA) on the surface of migrating cells, the postulated 
role of which is to mediate efficient and spatially re- 
stricted extracellular proteolytic activity by migrating ECs 
(20,21). Increases in u-PA and u-PA receptor are both de- 
pendent on endogenous FGF. 

EC invasiveness and formation of patent capillaries in 
fibrin and collagen gels is stimulated by FGF (22). It in- 
creases expression of the av(J3 integrin, which correlates 
with an increased ability of microvascular ECs to bind to 
vitronectin, but not to fibronectin-coated surfaces (23). 
There is up-regulated biosynthesis of . the colla- 
gen/laminin receptor, the a2fil integrin and the o5- 
chain, which conjugates with pi to form a fibronectin re- 
ceptor. These effects of FGF may provide ECs with an, 
enhanced capacity to attach to, or migrate through, both 
their underlying basement membrane and the interstitial 
matrix (24). 

FGF INTRACELLULAR SIGNALING: The signal- 
ing pathway of FGF appears to involve both a; membrane 
receptor and a direct nuclear site of action. There are-two 
FGF receptors, one of high affinity, whick possesses, an^ 
intracellular tyrosine kinase domain (25)-, and the other 
of low affinity, a heparan sulfate proteoglycan (HSPG) 
(26,27). It appears that binding to cell surface HSPG is a 



prerequisite for high-affinity binding and mitogenic activ- 
ity (16). Studies employing peptide mutants of FGF and 
anti-FGF antibodies to regulate the FGF-receptor inter- 
action suggest that the mitogenic and PA-inducing activi- 
ties of FGF depend on different domains of the FGF 
high- affinity receptor and different intracellular transduc- 
tion pathways (28). Mitogenic activity involves triggering 
of protein kinase C (PKC), whereas plasminogen activa- 
tion is independent of PKC, but requires a calcium flux 

(29) . 

FGF translocates to and accumulates in the nucleolus 
of ECs, independent of its high affinity receptor binding 

(30) . It appears to stimulate the transcription of ribo- 
somal genes during the transition from G 0 to G x phases of 
the cell cycle, a step closely linked to ribosome assembly 
and cell proliferation (31). Confluent ECs, in contrast to ' 
growing cells, contain no nuclear FGF (32). A mutant 
FGF lacking a nuclear translocation sequence fails to in- 
duce DNA synthesis and EC proliferation at concentra- 
tions sufficient to give rise to receptor-mediated tyrosine 
phosphorylation and c-fos expression (33). 

A long-lasting interaction between FGF and cultured 
ECs with prolonged activation of PKC has been thought 
. by others to be required to induce cell proliferation (34). 
„ Because high-affinity receptors lead to rapid internaliza- 
" tion of FGF, and the low affinity sites mediate a slow in- 
ternalization of FGF (35), the HSPG binding sites may be 
'-essential for FGFs growth factor activity— - 

J FGF-HEPARAN SULFATE PROTEOGLYCAN 
INTERACTIONS: Heparan sulfate proteoglycans 
(HSPGs) are ubiquitous constituents of mammalian cell 
surfaces and most extracellular matrices. EC surface 
heparan sulfates facilitate the interaction of FGF with its 
receptor by concentrating FGF at the ceil surface, possi- 
bly through phosphorylation of FGF at its receptor-bind- 
ing domain because this process is associated with, in- 
creased receptor affinity (16,36,37). FGF binding to 
HSPGs offers protection against proteolytic degradation 
and creates a reservoir of growth factor in tissues (8,38). 
Degradative enzymes may not be needed to release FGF 
from the heparan sulfates in instances where receptors 
and heparan sulfate-bound FGF are in close proximity, 
because dissociation from heparan sulfates occurs rapidly 
enough to allow FGF to bind to unoccupied receptors by 
laws of mass action (36). 

In a model of neuroepithelial embryogenesis that may 
hold clues for the endothelial scenario, Nurcombe and 
colleagues (39) showed that by sequentially binding dif- 
ferent forms of FGF, differentially glycosylated HSPG 
species regulate development. This regulatory mecha- 
nism does not rely on changes in ceil surface receptor ex- 
pression or cessation of growth factor production and al- 
lows for rapid changes in ceil signaling during 
development (39). 
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FGF INHIBITORS: The activities of FGF are limited 
by transforming growth factor-fi (TGF-{3), interferon-y 
(IFN-y), and platelet factor-4 (PF-4). TGF-p can be acti- 
vated from its latent, secreted form by plasmih, which is 
activated by FGF. TGF-P then limits the PA-inducing; ac- 
tivity of FGF through increased synthesis of PA inhibitor- 
1 (PAI-i) and decreased transcription of the u^PA gene 
(18). IFN-y inhibits EC growth possibly by decreasing 
FGF receptor expression (40). PF-4 blocks the binding of 
FGF to its receptor and therefore inhibits the migration 
and tube formation of bovine capillary ECs in culture 
(41). 

A bacterially derived sulfated polysaccharide inhibits 
the growth and chemotaxis of ECs stimulated by FGF 
possibly by preventing the binding of FGF at both its low 
and high affinity binding sites (42). Chioroquine, a drug 
used to treat malaria and inflammatory diseases, inhibits 
FGF-stimulated EC growth in a dose-dependent fashion 
(43). 



EFFECTS IN VIVO: Antisense oligonucleotides com- 
plementary to FGF messenger RNA (mRNA) illustrate the 
significant role of FGF as an endothelial growth promoter 
in an in vitro environment (44). In vivo experiments con- 
firm that FGF has a critical part in the formation of new 
'blood vessels. .•:--' V '--' 

Nanogram amounts of FGF induce angiogenesis tri the 
chick embryo chorioallantoic membrane and.irt the cor^ : : 
nea (45) . Nabel and colleagues (46): used a eukaryoUc ex- 
pression vector encoding a secreted form of FGF- 1- and " 
introduced it by direct gene transfer into porcine arteries. 
In this somatic transgenic model, FGF-1 expression in- 
duced intimal thickening and angiogenesis within 21 
days, in comparison with control arteries transfected with 
an Escherichia coli P-galactosidase gene. The neo intimal 
ECs appeared to originate from adjacent arterial luminal 
ECs because both were negative for von Willebrand factor 
(46). 

Using rabbit ear excision wounds and introducing var- 
ious cytokines, Pierce and associates (47) showed that 
FGF induces an angiogenic response with a marked in- 
crease in ECs and neo vessels. This effect appears to delay 
wound maturation. In contrast, platelet^deriveci growth 
factor (PDGF) augments early giycosaminoglycan and 
fibronectin deposition and induces greater amounts of 
collagen, whereas TFG-Pl rapidly enhances collagen syn- 
thesis and maturation. Each agent appears to have com- 
plementary actions (47). 

Villaschi and Nicosia (48) found that addition of puri- ' 
Red FGF increases both the number and the length of 
micTovessels sprouting from the explants in a rat aortic 
injury model and prevents microvessel regression. .Neu- 
tralizing and- FGF antibodies cause a 40% reduction of 
angiogenesis (48). 



Vascular endothelial growth factor/vascular 
permeability factor 

BACKGROUND AND EC EFFECTS: Vascular en- 
dothelial growth factor (VEGF) and vascular permeability 
factor (VPF) are two terms for an identical 46- kd protein 
related to PDGF and produced by several tumor cells, lu- 
teal cells, renal glomerular visceral epithelial cells, and 
vascular smooth muscle cells (VSMCs) (49-51). It is a se- 
lective and potent EC mitogen both in vitro and in vivo 
(50,52); it has- no proliferative activity on VSMCs, fibro- 
blasts, and epithelial cells (49). VEGF is angiogenic in 
vitro, and it causes microvascular ECs grown on 3D colla- 
gen gels to invade the underlying matrix and to form cap- 
illary-like tubules (52). 

VEGF promotes vascular leakage, causes von 
Willebrand factor release, and synergizes with tumor ne- 
crosis factor-a (TNF-a) to promote procoagulant activity 
on ECs (49). In addition, it induces expression of the only 
metalloproteinase that can initiate the degradation of in- 
terstitial collagen types I to III under normal physiologi- 
cal conditions (53). 

VEGF SIGNALING: Several tyrosine kinase recep- 
tors have been described for VEGF, including fit and flk-1 
(2,54). These receptors are detected only on ECs. Flk-1 in 
particular is found on ECs during embryogenesis; it is es- 
pecially abundant in blood islands of the yolk-sac,, where 
i EC progenitors originate, and on vascular sprouts and 
branching vessels of developing brain. In contrast, flk-1 
transcripts are drastically reduced in adult brain, in which 
vascular proliferation has ended (2). These findings con- 
trast with the lack of detectable FGF receptors on ECs 
during embryogenesis (55). 

VEGF binds heparin via a nonreceptor binding do- 
main, which strongly potentiates its binding to fit, 
whereas ct2-macroglobulin, a major serum protein, inac^ 
tivates the receptor binding ability of VEGF (50). Akin to 
FGF, VEGF induces an angiogenic response via a direct 
effect on endothelial cells, and, when acting in concert, 
these two cytokines have a potent synergistic effect on the 
induction of angiogenesis in vitro (52). 

VEGF IN ANGIOGENESIS, MALIGNANCY, 
AND WOUND HEALING: VEGF mRNA is expressed 
in cells surrounding an expanding vasculature in embry- 
onic implantation sites, ovarian follicles, corpus luteum, 
and at sites of repair of endometrial vessels. It predomi- 
nates in tissues that acquire a new capillary network, but 
its binding activity is found on both quiescent and prolifr 
erating ECs. VEGF expression- may be hormonally ( regu- 
lated because it increases with the acquisition of cellular 
steroidogenic activity and varies with the ovarian cycle in 
the endometrium. During the early proliferative phase, it 
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is found in the estrogen-responsive, secretory columnar 
epithelium. Under the influence of progesterone in the 
secretory phase, when new blood vessel development 
is maximal, VEGF expression shifts to cells of the under- 
lying stroma comprising the functional endometrium 
(56). 

A particular role for VEGF in tumor angiogenesis is ap- 
parent. Expression of VEGF on Chinese hamster ovary 
(CHO) cells confers on them the ability to form tumors in 
nude mice (57). Monoclonal antibodies to VEGF inhibit 
the growth of rhabdomyosarcoma, glioblastoma multi- 
forme, and leiomyosarcoma cell lines in nude mice, but 
they have no effect on the growth rate of these tumor cells 
in vitro, implying a~ direct effect on reducing the vascular 
density in antibody-treated tumors (57). 

In situ analysis of glioblastoma multiforme brain 
tumor specimens shows that VEGF production is specif- 
ically induced in a subset of glioblastoma cells distin- 
guished by their proximity to necrotic foci! Capillaries ap- 
pear to cluster alongside these VEGF- producing tumor 
' celts. VEGF mRNATevels are dramatic^ 
their O z milieu, suggesting a mechanism, for VtHesefind^L 
ings. Within a few hours of exposing glioma anct muscle J 
cell cultures to hypoxia, VEGF mRNA Ieyete : mcrease ancp-; 
return to background when a. normal : 0 2 f supply is re-'*-- 
stored (58). Comparison of astrocytomas; with; the more-;;- 
malignant glioblastoma, which is characterized by nec"ro- : 
sis and vascular proliferation, reveals that more VEGF is 
expressed in the latter. Fit is not expressed in normal 
brain ECs, but it is found in these tumor ECs (59). - - 

The other activity of VEGF on ECs — increased perme- 
ability — is a characteristic feature of normal wound healing. 
Persistent microvascular permeability to plasma proteins, 
even after cessation of injury, results in extravasation of fi- 
brinogen, and the resultant fibrin serves as a provisional 
matrix that promotes angiogenesis and scar formation. 
VEGF mRNA levels in keratinocytes at wound edges are 
greatly increased, and they correlate with the permeabil- 
ity of wound tissue vessels (60). 

Hepatocyte growth factor/scatter factor 

Hepatocyte growth factor (HGF) and scatter factor (SF) 
are identical, basic, heparin-binding glycoproteins that 
share 38% amino acid identity with plasminogen (61,62). 
They are produced by fibroblasts and VSMCs. HGF in- 
duces renal epithelial cells to form branching networks of 
■y .^uies in a collagen matrix (63), whereas SF disperses 
cohesive epithelial colonies and stimulates cell" motility 
(64,65). The receptor for HGF/SF is cornet, a transmem- 
brane tyrosine kinase (66), which is expressed and stimu- 
lated by HGF on ECs (67). 

HGF stimulates EC growth and motility in vitro and 
promotes wound repair in EC monolayers. ECs assume a 



dendritic phenotype. HGF does not induce procoagulant 
activity or platelet-activating factor (67), but EC secretion 
of plasminogen activators and urokinase, which are re- 
quired during the early stages of angiogenesis when ECs 
degrade ECM, are induced by SF (68). In a corneal model, 
HGF produced angiogenesis (67). Immunoreactive SF is 
present in a perivascular distribution surrounding sites of 
blood vessel formation in the skin of psoriatic plaques, 
but not in normal skin, in which angiogenesis is not a fea- 
ture (68). 

Transforming^growthfactor-fi 

TGF-p is unlike other cytokines with proangiogenic ef- 
fects. Some investigators have found that TGF-P induces 
tube formation by ECs in 3D collagen gels without affect- 
ing cell proliferation (69,70), but in other in vitro sys- 
tems, it is a potent inhibitor of EC proliferation, migra- 
tion, tube formation, and protease synthesis (71-75). 

I Dramatic increases in collagen and fibronectin synthesis 
and inhibition of matrix -degrading enzyme produc- 
tion (76,77), brought about by TGF-p, may modulate 

; ^its effects 'oh "endothelial phenotype and explain dif- 
ferences between^ various in vitro models (69). In 
vivo TGF-P is angiogenic, although it has" been suspected 
that this action is not directly on ECs but rather on other 
cells, (e.g., fibroblasts and macrophages, whose- many 
products may potentiate . the angiogenic response) 
(78 ; 79). . 

TGF-P may signal resolution of the angiogenic process 
begun by factors that are principally initiating stimuli, 
such as FGF and VEGF. Wound studies in vivo show that 
FGF produces marked increases in new vessels and per- 
sistence of the provisional ECM, whereas TGF-p acceler- 
ates maturation of the provisional ECM through rapidly 
enhanced collagen synthesis, leading to coverage of 
wound defects with fibrous tissue (47,80). In chorioallan- 
toic membranes, FGF induces primarily small blood ves- 
sels, whereas the vessels formed in response to TGF-p are 
large and bear intercellular junctional complexes (70,79) : 
TGF-Pl also promotes the differentiation of ECs into 
VSMCs in vitro (81) and stimulates intimal VSMCs to 
synthesize increased amounts of lipoprotein-binding pro- 
teoglycans (82). 

TGF-P is secreted constitutively by ECs as a high mo- 
lecular weight inactive complex, with a latency-associated 
peptide and a latent TGF-P binding protein. Activation of 
latent TGF-P occurs in- cocultures of ECs with. VSMCs;or 
pericytes and is thought to be at least in part mediated by 
plasmin cleavage of the aminoterminal "propeptide. This" 
process is facilitated by FGF, which increases plasmino- 
gen activator activity (18,72). Thus, the presence and ef- 
fectiveness of TGF-P are determined by proximal cell 
types and the ability to activate the latent form. 
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Hematopoietic colony -stimulating factors 

The colony-stimulating factors (CSFs) are characterized 
by their profound effects on the proliferation of blood cell • 
precursors. ECs and hematopoietic cells share surface 
markers such as PECAM-1 (83,84), CD34 (85,86), CD36 
(87), and CD45 (88), and they closely interact in the bone 
marrow, suggesting the common ancestry of their lin- 
eages and the possible effectiveness of the CSFs upon the 
former. 

Granulocyte and granulocyte-macrophage CSFs (G- 
CSF, GM-CSF) have been shown to induce human ECs to 
migrate and proliferate, without altering their hemostatic 
or inflammatory phenotypes. In comparison to FGF, in- 
duction of migration was of a similar order of magnitude, 
although the extent of proliferation was less (89,90). In 
the corneal model, G-CSF induced neovascularization. 
An inability to repeat these results, however (91), and in 
particular the lack of demonstrable receptors for GMrCSF 
on human umbilical vein ECs (HUVECs) by binding anal- 
ysis,, surface, expression, and receptor. mRNA analysis 
(92,93), leave the^ 
unclear.. ' . " ~~-i£.' ? .;f-^ 

In the last year, it. has emerged that resting HUVECs i ; 3 
express mRNA for the a- and P-chains of ^e : interl^u^*^; 
3 (1L-3) receptor (90,91,94): This receptor is functibi^r'" 
in mediating IL-3 stimulation of HUVEC DN A synthesis 
and proliferation (92). Furthermore, use of recombinant 
human IL-3 and GM-CSF after high*dose cancer chemo- 
therapy is associated with expansion of the vascular net- 
work of the bone marrow and an increase in the propor- 
tion of CD34-expressing ECs (95). Erythropoietin is also 
reported to possess mitogenic and chemotactic activity on 
ECs (96). 

Other cytokines affecting EC renewal 
and oncogenesis 

ONCOSTAT1N M: Oncostatin M is a glycoprotein of 
196 amino acids produced by activated T cells that inhibits 
the growth of several human tumor cell lines. It also inhib- 
its the growth of normal bovine aortic ECs, while stimulat- 
ing the growth of a number of fibroblast cell lines (97). 

INTERLEUK1N-4 : IL-4 is a potent ECmitogen (98), 
and it also stimulates the expression of u-PA (99), sug- 
gesting that it has a role in angiogenesis. Both these effects 
of IL-4 occur preferentially in microvascular, rather than 
in macrovascular, endothelium. 

INTERLEUK1N-8: IL-8 has been reported to: stimur 
late the chemotaxis of HUVECs with effects comparable 
to FGF. TNF-ct or IL-8 antibodies reduce the chemotactic 
response for HUVECs to conditioned media from lipo- 



polysaccharide-stimulated peripheral blood monocytes or 
synovial tissue macrophages. Antisense RNA oligonucle- 
otide to IL-8 blocks the production of angiogenic activity 
by monocytes. IL-8 binds to heparin, as do the well char- 
acterized angiogenic factors, such as FGF and VEGF 
(100). 

EPIDERMAL GROWTH FACTOR: Epidermal 
growth factor (EGF) is a mitogenic polypeptide that ac- 1 
celerates angiogenesis (101). EGF and EGF receptor im- 
munoreactivity is present at the cytoplasmic interdigita- 
tions between ECs and pericytes in the angiogenic 
immature capillaries of human granulation tissue, but it is 
absent in mature capillaries (102). 

PLATELET-DERIVED GROWTH FACTOR: 
PDGF is a mitogen and a chemotaxin for VSMCs and fi- 
broblasts (103), and it has roles in wound healing and an- 
giogenesis (47,104,105). It stimulates fibroblasts to syn- 
thesize collagen and collagenase, which leads, to 
modification of the ECM; it is also a potent vasoconstric- 
:. tor (101). PDGF is stored in platelet a-granules, ECs tr 
- VSMCs, and macrophages, in particular those in newly 
formed atherosclerotic plaques (101, 106): Two receptors, 
'% a and p, are ligand-activated tyrosine kinases (107) V IL-1, 
• TNF-a, lipopolysaccharide, and blood flow induce accu- 
mulation of PDGF mRNA in ECs, whereas I?N-y and ni- 
: trie oxide have the opposite effect (10,8, 109):. -s- 

INSULIN-LIKE GROWTH FACTOR: Insulin-like 
growth factor- 1 is secreted by ECs from their basal 
abluminal surface. It supports VSMC and fibroblast 
growth in vitro (110,111); 

INTERLEUKIN-1 : IL-1 inhibits the proliferation of 
ECs in vitro, particularly when combined with FGF 
(112), it promotes growth of VSMCs and fibroblasts, pos- 
sibly via increased PDGF release (106). 

ENDOTHELIN-1 : Endothelin-1 (ET-1) is a 21 amino 
acid peptide released from the endothelium. It elicits a va- 
riety of biological effects that include VSMC contraction 
and proliferation (113). ET-1 production by ECs is aug- 
mented by thrombin, G-CSF, TGF-P, and IL-1 (114-116). 
Fluid shear stress induces rapid and significant down-reg- 
ulation of ET-1 mRNA and peptide release (117). 

Summary of the pathophysiological effects 
of endothelial mitogens 

Knowledge of the actions, structures, and encoding genes 
of the endothelial mitogenic factors has been applied to 
pathophysiology, and examples of the in vivo relevance of 
each cytokine have been given. A range of studies, includ- 
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ing those of cytokine or cytokine-induced mediator ex- 
pression in pathological specimens and those of direct 
addition of a cytokine (e.g., by gene transfection) or its 
withdrawal (e.g., by antisense oligonucleotide), permit 
increasing levels of confidence with regard to conclusions 
of causality. 

The descriptive method, which is more suited to 
human samples, is exemplified by work on VEGF expres- 
sion in the uterus (56) and the role of angiogenic factors 
in rheumatoid arthritis. Synovial pannus tissue in rheu- 
matoid arthritic joints is invasive and destructive of adja- 
cent cartilage and bone. Its formation is accompanied by 
ingrowth of new vascular networks, and the level of an- 
giogenic activity correlates with infiltration of inflam- 
matory cells, synovial hyperplasia, and clinical score 
(118,119). FGF expression has been shown in ECs of the 
rheumatoid pannus and in streptococcal-induced arthritis 
in rats (120,121). EGF and PDGF localization is also as- 
sociated with areas of new vessel growth (122). Agents 
effective in the therapy of rheumatoid arthritis inhibit EC 
proliferation (123,124). 

A study of injured- rat abrta'implica 
clusively in endothelial cell responses,. but its application 
in human disease has not been established! immuriqhisto- 
chemical staining of rat aorta shows FGF irrthe c^pjplasrri 1 
of endothelial and smooth muscle cells; Endogenous- FGF- ^ 
is demonstrable by Western b lot. analysis in; aorta-coridi- L 
tioned medium after ring dissection, Neutralizmg. aritiKv 
FGF antibodies uihibit the increased numbers ancUengtn 
of sprouting microvessels provoked by injury, suggesting 
that the FGF present is functional; Purified FGF increases' 
both the number and the length of microvessels sprouting 
from the explants, particularly late after the injury, when 
release of endogenous FGF is minimal. FGF release by 
vascular cells thus appears to have a role in the auto regu- 
lation of angiogenesis after vascular injury (48). 

Surgical interventions, such as bypass grafting, athe- 
rectomy, or endarterectomy, involve similar vascular in- 
jury, but they are abo often complicated by intimal hyper- 
plasia of VSMCs. The increased rate of migration and 
turnover of VSMCs in response to injury is dependent on 
the presence of dividing ECs." VSMC proliferation is max- 
imal when the ECs are proliferating. When the ECs stabi- 
lize and cover the lumenal surface, VSMC proliferation 
slows. The relationship of this phenomenon to EC-de- 
rived FGF or PDGF is not clear (125), although the fail- 
ure of confluent ECs to localize FGF to their nuclei is in- 
teresting (32). TGF-P also decreases VSMC proliferation 
(72). This effect may explain why VSMC proliferation 
slows when ECs cover an injury. ; • . 

A recent innovation of in vitro assays — coculruring- 
ECs with their supporting stromal cells to parallel the in 
vivo situation — provides another-demonstration of inter- 
actions between ECs with their neighboring pericytes or 
VSMCs. Pericytes grown in coculture with ECs inhibit EC 



proliferation (126), on the basis of the ability of 
cocultures but not homocellular cultures to produce acti- 
vated TGF-(3 (72). Angiogenesis in the fetal retina ceases 
as mural pericytes appear, and pathological neovasculari- 
zation in diabetic retinopathy is associated with loss of 
pericytes (127). 

EC cocultures with keratinocytes shed light on the 
* common, derma to logical disease psoriasis, which is char- 
acterized by hyperpro life ration of keratinocytes and 
abnormally extensive dermal capillary networks. Keratin- 
ocytes produce TGF-a, which in an autocrine manner 
leads to their hyperproliferation. TGF-a also stimulates 
human omental microvascular ECs in type I collagen gels 
to form tubular-like structures. When keratinocytes are 
cocultured with omental ECs, tubular-like EC structures 
appear in collagen gels, which are inhabitable by anti- 
TGF-a antibodies (128). It thus appears that TGF-a acts 
in an autocrine fashion on keratinocytes and in a para- 
crine manner on ECs, therefore appearing to facilitate the 
neovascularization required to allow for the increased 
surface keratinocyte population. ^ 

Angiogenesis -appears to be closely related to- malfg- 
. ' nancy (129). Angiogenic agents have been isolated from 
- tumors, and neovascularization is present in most malig- 
/ : : nancies at the time of their detection,. thus appearing to be 
V: directly related to malignant grade and prognosis. The 
: . malignant progression of melanoma from ribrmaT skin to 
h dysplastic melanocyte nevus, to cutaneous malignant 
melanoma, and finally to metastatic malignant melanoma 
is associated with increasing vascularity (130). Horak and 
associates (131) showed that the number of microvessels 
in primary breast cancers is direcdy correlated' with 
pathological indicators of an increasingly poor prognosis. 
The association of VEGF with rhabdomyosarcoma, glio- 
blastoma multiforme, and leiomyosarcoma is an example 
of the role of cytokine-induced angiogenesis in malig- 
nancy (57). Tumor-cell hypoxia is believed to stimulate 
production of VEGF. In acquired immunodeficiency syn- 
drome-related Kaposi's sarcoma, the malignant cells also 
express cytokines with autocrine and paracrine growth 
effects, which foster growth of this vascular tumor (132- 
134). Coculture of ECs with human glioblastoma ceils 
demonstrates how angiogenic cytokines may be working. 
In contact with glioma cells, ECs form tubes, an in vitro 
surrogate for capillaries. Only glioma-cell lines that pos- 
sess high levels of FGF mRNA induce such tube forma- 
tion, and this process can be blocked by coadministration 
of anti-FGF antibody (135). 

Because EC renewal and angiogenesis are key events in 
important pathological processes such as wound healing, 
inflammation, and malignancy, but are not. a feature: of 
normal tissues except in the female reproductive system, 
attempts to define angiogenic inhibitors have been in 
progress. Physiological inhibitors of angiogenesis are 
present in blood and urine, and they include Cortisol me- 
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tabolites that lack glucocorticoid and mineralocorticoid 
activities (136). These metabolites may act by increasing 
the synthesis of PAN I (137). Heparin potentiates their ac- 
tion, and it is believed to function by virtue of its high 
affinity for angiogenic factors, such as FGF and VEGF 
(138). 

I FN -a has been used successfully in pulmonary 
hemangiomatosis with an associated decrease in the den- 
sity of abnormal vessels (139). Derivatives of Aspergillus 
Jumigatus products are effective inhibitors of angiogenesis 
in vitro, as well as in tumors and collagen-induced arthri- 
tis in rats, with minimal toxicity (140,141). A number of 
other compounds inhibit angiogenesis in vitro, including 
antiestrogens (142), cyclosporine (143), ribonuclease in- 
hibitors (144), protein kinase inhibitors (145), and cal- 
cium channel blockers (146). In vitro experimentation 
has shown that changes in the constitution of ECM or 
monoclonal antibodies directed to J3l and (33 integrins, • 
which mediate EC-matrix interactions, can alter the type 
and number of capillary tubes formed (147,148). This 
finding offers prospects for the development of. targeted 
inhibitors of angiogenesis. 



ENDOTHELIAL CELL '4^$^ 
INTERACTIONS WITH BLOOD [ 
MOLECULES AND LEUKOCYTES; ^< 

In this section, the roles of cytokines acting on or pro- 
duced by endothelia, which affect its relationship with the 
• elements of blood, are considered. It appears that specific, 
separate mechanisms exist that deal with the arrest of mo- 
bile leukocytes, their secure attachment to the endothelial 
surface, and finally their passage between surface ECs 
into the interstirium. These inflammatory processes and 
others leading to thrombosis or immune recognition are 
controlled by specific cytokines with both facilitatory and 
inhibitory actions. 

Tumor necrosis factor-a and interleukin-1 

TNF-a and IL-1 are proinflammatory cytokines with ef- 
fects on multiple biological systems. Both act on ECs, 
most often with a similar outcome; thus, they are consid- 
ered together, but mention will be made of each individu- 
ally when their effects differ. 

IL-1 is a 17-kd peptide with two biologically active 
forms, IL-lcc and IL-10 (149)/ TNF-a is.su aimer of three 
17-kd subunits. Its main source is the monocyte-macro- 
phage when it is stimulated by lipopolysaccharide (LPS) 
IL-1, IFN-a, IFN-y, OR GM-CSF (150). The mast cell may 
be another important source of TNF-a in vivo (151). Pe- 
ripheral blood lymphocytes, natural killer (NK) cells, and 



polymorphs produce a relatively small amount of TNF-a 
(150). VSMCs adjacent to the endothelium express TNF- 
a mRNA and protein on exposure to inflammatory sig- 
nals, and this process is superinduced by protein synthe- 
sis inhibitors (152). Sources of IL-1 are extensive and 
include blood monocytes, neutrophils, T and B lympho- 
cytes, tissue macrophages, VSMCs, and ECs. The most 
common stimulus for IL-1 transcription is endotoxin 
(149). 

In general, TNF-a promotes selective cytotoxicity and 
catabolism. There are changes in ECM through induction 
of collagenases, which lead to bone resorption, and of 
plasminogen activator, which leads to angiogenesis (153) 
On blood cells, TNF-a and IL-1 have a proinflammatory 
effect. Neutrophils and monocytes gain an increased ca- 
pacity for phagocytosis, antibody-dependent cellular cy- 
totoxicity, degranuiation, and production of reactive oxy- 
gen species. T cells express more IL-2 receptor and major 
histocompatibility complex (MHC) class II antigens. 
They achieve a greater proliferative potential in synergy 
with IL-2, and they produce more IFN-y. B cells also aug- 
ment their proliferation, differentiation, and production 
. of antibodies (149,150). The general proinflammatory ef- 
; ; fects of these cytokines, however, also depend on their 
-^endothelial functions, as well as on these leukocyte 
v;:.changes. 

:M COAGULATION: TNF-a and IL-1 regulate the coag- 
ulation system through actions on the endothelium. Pro- 
coagulant activity of ECs is induced (3,154). The produc- 
tion of thrombomodulin, a surface glycoprotein on ECs 
that controls intravascular coagulation cascades through 
interactions with proteins C and S, ' is suppressed 
(154,155). Arachidonate metabolism is activated; in par- 
ticular, prostacyclin synthesis in cultured vascular ECs is 
induced (156). TNF-a induces expression of an EC plas- 
minogen activator inhibitor (157-159). Effects on plas- 
minogen activator are recognized, but both increases and 
decreases have been reported (153,157). In patients 
treated with recombinant human TNF-a in a Phase I can- 
cer trial, induction of endothelial-derived tissue-type 
plasminogen activator, recognized by the presence of fi- 
brin degradation products in plasma, occurred within one 
hour of the initiation of TNF-a (160). 

The surface of TNF-a-activated ECs elicits a hemo- 
static response when exposed to flowing nonanticoagu- 
lated blood. Tissue factor is expressed, and deposition of 
fibrin, platelet aggregates, and leukocytes follows; in an 
experimental model, 63% of the EC surface became cov- 
ered. Resting ECs, in contrast, show no or. little fibrin, 
platelet, and leukocyte deposition. The addition of anti- 
bodies against tissue factor to TNF-a-activated ECs abro- 
gates fibrin and platelet deposition, but it allows leuko- 
cyte adherence to occur to the same extent. Thus, the < 
endothelial effects of TNF-a on hemostasis and leuko'cyte 
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capture involve related but dissociated mechanisms trolled by differential vessel-specific glycosylation, as well 

(161). as translocation to and oligomerization at the EC surface. 

Vessel-specific glycosylation may explain why leukocytes 

ADHESION: TNF-a and IL-l increase the adhesive- only adhere to postcapillary venules, even though CD34 

ness of endothelium for bloodstream leukocytes by an appears to be expressed on capillaries and venules (162). 

EC-specific mechanism (162). They also modulate the in- TNF-a, IL-1(5, and IFN-y have been reported to decrease 

teractions between adjoining ECs. This process involves the expression of CD34 on cultured ECs (179). 
induction, up-regulated expression, or activation of mol- Glycam-l (or Sgp50) is a 50-kd, mucin-like glycopro- 

ecules on the endothelial surface, which interact with tein that also serves as an LS ligand. It is restricted, how- 

ligands on leukocytes and ECs. The main groups of such ever, to lymph node high endothelial venules, and it is not 

regulated adhesins are the selectins, the L-selectin known to be influenced by cytokines (180). Both CD34 

ligands, the immunoglobulin superfamily, and the in- and Glycam-l were characterized by precipitation with a 

tegrins. _ chimeric molecule containing the extracellular domain of 

mouse LS and human immunoglobulin. 
SELECTINS: E-selectin (ES; ELAM-1) and P-selectin (PS; A third endothelial ligand for LS must be proposed on 

GMP-140; CD62) are endothelial, lec tin-bearing glyco- the basis of older evidence describing an antigen on 

proteins that mediate the initial contacts between leuko- HUVECs that is optimally induced by TNF-a and IL-ip, 

cyte and endothelium as leukocytes move away from the but also to a lesser extent by IFN-y and IL-4 (181). This 

axial bloodstream and roll over the endothelial surface, ligand is a neuraminidase-sensitive molecule, which im- 

prior to their firm attachment (163-165). Their leukocyte plies that it bears sialic acid, as do CD34 and Glycam-l. It 
ligands are sialyiated, fucosylated oligosaccharides , £li66)vW is expressed between 2 and 4 hours after HUVEC stimur 

ES-is found in low to undetectable quantities on resting >" : -..- lation, and it persists for at least 24 hours (181). Its induc- 
ECs in vitro and in vivdj'B6"tRlt?Tm tion by cytokines is thus unlike CD34, and its distribution 
mRNA and protein synthesis; Surface expression iri yitrp= :-:> is wider than that known for Glycam-l. 
reaches a maximal level at 4* hours,; after which' it decimes^ v Soluble LS is shed from the surface of leukocytes after 
to background by 24 hours, despite the continued pres-->/ :: - their stimulation by cytokines-such-as-TNF-CC.-Soluble LS 
ence of the agonists (167-170). Mast-cell degranulatiori/ .; inhibits LS-specific attachment of lymphocytes to TNF-a- 
leads to the display of ES on adjacent EGs in vivo. Antise : activated ECs (182). Fluid-phase PS also inhibits adhe- 
rum to TNF-a abrogates ; this potentially important path- sion of TN F-Ct-ac tiva ted , neutrophils to resting ECs, 
way of induction (151). Surface ES is lost.by internalizar . through inhibition of a CD18-dependent process. The 
tion and external release, processes not known, to be control of soluble PS production is not currently under- 
controlled by cytokines (171). The rate of internalization stood (183). 
of ES is comparatively higher than that of intercellular ad- 
hesion molecule (ICAM)-l; therefore, its pro-adhesive ef- Immunoglobulin Superfamily Endothelial . Ad- 
fects may be relatively acute (1.7% of membrane-bound HESlNS: Intercellular adhesion molecule- 1 and -2 (ICAM- 
ES/min vs < 0.1% of membrane-bound ICAM-l/minute) 1, 2), vascular cell adhesion molecule- 1 (VCAM-1), and 
(172,173). platelet endothelial cell adhesion molecule- 1 (PECAM-1; 

PS is expressed in varying levels on resting ECs, which CD31) are members of the immunoglobulin superfamily. 
maintain a large stock of PS in cytoplasmic granules ICAM-l, and ICAM-2 and VCAM-1 interact with leuko- 
(Weibel-Palade bodies). This store is rapidly transferred cyte p2 and pi integrins respectively, to serve a shear- 
to the EC membrane in response to histamine and throm- resistant adhesion between ECs and leukocytes, which foL- 
bin, but expression is brief, and its functional, aspect is , lows and stabilizes the rolling attachment initiated by the 
lost within 30 minutes (174,175). PS is inducible by TNF selectins (148). ICAM-l, the ligand for CDlla-CDllb/ 
in mouse and bovine ECs at both mRNA and cell surface CD 18, is constitutively expressed on ECs. TNF-a or IL-l 
protein levels. The PS protein increase is 2- to 4-fold, and increase its expression, with a plateau at 24 to 72 hours 
it is maximal at 3 to 4 hours (176). (169). ICAM-2 is also constitutively expressed on ECs, 

but it is not subject to regulation (184). 

L-SELECTlN Ligands: CD34 is a highly glycosylated, VCAM-1 expression is absent on resting ECs. TNF-a 

negatively charged, sialomucin-like transmembrane mol- or IL-l induce it within 2 hours (peak, 12-24 hours), and! 

ecule better known for its presence on hematopoietic pro- levels substantially higher than baseline persist for at least 

genitor cells, which has recendy been recognized as an 72 hours (185,186). There are two iso forms of VCAM r l : 

endothelial ligand for L-selectin (LS; LAM-1; LECAM-1), with 6 and 7 Ig-like domains and subdely different bind- 

the leukocyte adhesion molecule (177,178). It has a ing characteristics (187). The former is expressed earlier 

broad EC distribution, including high endothelial ven- than the latter, which then becomes the main EC isoform. 

ules, but it is absent from most large vessels and placental VSMCs are normally devoid of adhesion proteins in vivo, 

sinuses (178). The function of CD34 is likely to be con- and they express only small amounts of VCAM-1 in cul- 
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ture. TNF-a and IL-1 induce human saphenous vein 
SMCs to express VCAM-1 (Gamble JR, et al., unpublished 
observations). 

PECAM-1 is-constitutively expressed in a homoge- 
neous pattern on EC membranes in vivo, but it concen- 
trates predominately at points of cell-to-cell contact, on 
cultured ECs (188,189). It appears to have a role in EC- 
to-EC contacts and in leukocyte transmigration through 
the intercellular junctions of ECs (190). Using tissue 
specimens from breast, skin, stomach, colon, uterine cer- 
vix, endometrium, myometrium, and bronchus incubated 
with TNF-a for up to 6 hours, as well as a dermal ragweed 
antigen injection model, loffreda and colleagues (191) 
showed that TNF-a leads to a redistribution of PECAM-1 
from its original uniform pattern on EC surfaces to one 
localized to areas of contact between adjacent ECs (191). 
Thus, TNF-a-stimulated molecules, ES and PECAM-1, 
may sequentially enhance leukocyte- EC binding in 
postcapillary venules, direct adherent cells to sites most 
conducive to trans vascular diapedesis, and lead to trans- 
>; migration. ' . 1 

Integrins: ECs express a number of integriris believed' 
to function as interendothelial adhesins or as : E<IMrecep- s , 
tors. TNF-a and IFN-y decrease EC (33 integrins, anSihey- 
induce alJ3l. The alpl integrin is normally, absent fro mil 
HUVECs, but is present on capillary ECs." The laminin re-; ; 
ceptor a6(3l is strongly decreased by ^TNF^.orii^igfe 
whereas a2(3l t a3Pl, and a5fJl are* riot altered; Larmriiri : 
adhesion by ECs is consequendy decreased (192). 

MAJOR HISTOCOMPATIBILITY COMPLEX 
GENES: Class I MHC is expressed on ECs, but at a level 
relatively lower than that on macrophages or lympho- 
cytes. This expression is increased 2- to 4- fold over 24 
hours by TNF-a (but not by IL-1) through an increase in 
transcription. There is a synergistic elevation in class I an- 
tigen with IFN-y or IFN-P, without any alteration. in TNF 
receptor number due to a multiplicative increase in tran- 
scriptional rate (193,194). Synthesis and expression of 
transporter in antigen processing- 1 (TAP-1), an MHC-en- 
coded gene product that is required for efficient associa- 
tion of intracellular peptide antigen with nascent human 
leukocyte antigen (H1A) class I H-chain and ($2- 
microglobulin, are increased in human ECs by TNF-a, 
IFN-P, or IFN-y (195). TNF-a does not induce class II 
expression de novo in human ECs (193), and neither 
TNF-a nor IL-1 alters MHC on VSMCs (196). TNF-a 
thus allows ECs to present class l-restricted antigens to T 
cells, which may propagate the inflammatory response. 

ENDOTHELIAL PERMEABILITY TO MACRO- 
MOLECULES: The permeability of endothelial surfaces 
to macromolecules such as albumin is an important fea- 
ture of edematous processes. TNF-a, IL-1, and IFN-y in- 
crease EC monolayer permeability to albumin in vitro, 



and this effect is augmented by combining these 
cytokines (197,198). The ECs undergo parallel changes 
in morphology, from cobblestone to elongated cells, with 
formation of prominent intercellular gaps and actin stress 
fibers. There is an accompanying loss of fibronectin and 
remodeling of the ECM (199). ECs from different sites 
show varying susceptibility to this change: HUVECs. re- 
quire prolonged exposures of 72 hours, whereas bovine 
ECs demonstrate a change within 1 to 3 hours after expo- 
sure (198,200). 

Endothelial glycosaminoglycans (GAGs) are impor- 
* tant in regulating vascular permeability as well as cell in- 
teractions with soluble factors and resistance to thrombo- 
sis. IL-1 and TNF-a alter GAG metabolism in cultured 
HUVECs, causing a marked increase in culture superna- 
tant GAGs and a decrease in cell-associated GAGs that is 
detectable after 12 to 48 hours of coincubation. There is a 
concomitant increase in GAG synthesis. Histochemically, 
these changes are associated with marked reduction and 
redistribution of endothelial surface anionic sites. Such 
changes may contribute to the disturbances of vascular 
endothelial homeostasis associated with inflammatory 
states (201). - 

v LEUKOCYTE TRANSMIGRATION: HUVECs in- 
tubated with TNF-a or IL-1 for . 4 hours do. not display 
r morphological changes or increased albumin permeabil- 
ity, but they do show an increase in leukocyte- trarisrhigra- 
~tion (202). Migration occurs across EC junctions, and it is 
dependent on the ECs being biosynthetically active.. Neu- 
trophils are polarized but not degranulated, and there are 
no signs of ECM lysis. Because the number of traversing 
neutrophils is no greater when cytokine stimulation: is 
joined by a chemotactic gradient in some systems, it is 
suggested that both operate through this mechanism 
(203-205). 

Conditioned media of TNF-a- or IL-l-stimulated ECs 
induce transmigration of neutrophils when added to the 
basal EC compartment. IFN-y, IL-2, PDGF. and platelet- 
activating factor (PAF) are unable to mimic this effect. 
Antisera to IL-6, G-CSF, and GM-CSF, all products of 
stimulated ECs, do not diminish the chemotactic activity 
of the conditioned medium. IL-8, a member of the 
chemokine family, is present in this conditioned medium 
(206), and it acts as a chemoattractant for granulocytes. 
Other products of activated ECs, such as macrophage in- 
flammatory protein- 1 (MlP-1) and monocyte chemotactic 
protein- 1 (MCP-1), are selective for lymphocyte and 
monocyte chemo taxis. Adhesion to ECs and transmigra- 
tion through EC monolayers by leukocytes are thus both 
facilitated by TNF-a or IL-1 in separate, sequential pro- 
cesses (204). 

EFFECTS ON CYTOKINE PRODUCTION: TNF- 
a and IL-1 foster EC production of a number of cytokines 
that often have proinflammatory actions (e.g., IL-1 itself) 
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(106,207), the chemokines (207), and G-CSF and GM- 
CSF (208,209). They mediate the release of PDGF from 
cultured ECs, and they augment IL-6 secretion (106, 
210-212). IL-l increases EC production of ET-1 (116). 

Synthesis and release of the signaling phospholipid 
PAF is stimulated by TNF-a or IL-la treatment of ECs 
(213). Such ECs support adhesion of neutrophils that are 
unactivated and do not adhere to plastic, suggesting that 
PAF may be a proadhesion signal from ECs to neutro-. 
phils. Although PAF antagonists inhibit adhesion, the 
time course for adhesion and PAF production are not 
strictly concordant. Acetyl coenzyme A raises PAF levels, 
but it has no effect on adhesion, and although both IL-la 
and IL-I(i stimulate adhesion, only the former results in 
PAF production (214). 

TNF-a also decreases expression of endothelial anti- 
gens. Westphal and associates (215) reported a monoclo- 
nal antibody recognizing a 180-kd molecule expressed on 
the EC luminal surface, which is down-regulated by TNF- 
ct and is possibly endoglin, a TGF-(3-binding cell surface 
protein; - - ••™v'r-- ■• 

EFFECTS ON LIPO PROTEIN METABOLISM: 

TNF-a or IL-l increase low density Upoprptein t^LpL^ re-^ 
ceptor expression on microvascular ECs in cuIture. ; .There^ 
is a parallel. increase in internalization, and degradation of : 
LDL (216). Because ECs oxidize LDLs, and because LDLs;-; 
are atherogenic, cytokines produced byradherent mdnb^ 
cytes found in early atherosclerosis may facilitate this* 
pathological process. 

INTRACELLULAR SIGNALING 

TNF-a RECEPTORS: TNF-a acts on cells via two recep- 
tors, p55 and p75, which are partially homologous in 
their extracellular domains, but lack any intracytoplasmic 
similarity. The role of these two moieties is still contro- 
versial, and it varies with the analytical method (217). 
ECs possess both receptors (218). Using TNF-a mutants 
with preferential binding to either p55 or p75, Barbara 
and colleagues (219) showed that the p55 receptor is nec- 
essary for induction of ES, neutrophil transmigration 
across EC monolayers, and EC IL-8 secretion. The p75 
receptor only facilitates an increase in the potency of TNF 
(219,220). N- terminal amino acids of TNF-a are also crit- 
ical for both receptor binding and biological activity on 
ECs (221). 

POSTRECEPTOR Pathways: TNF-a increases EC mono- 
layer permeability via a- G-protein intermediary (200) t but 
activators of the stimulatory or inhibitory guanine nucle- 
o tide-dependent binding proteins do not affect TNF-a- 
induced surface expression of ES or VCAM-1 (222). 

There is partial evidence of protein kinase C and A 
(PKC, PICA) involvement in the induction of ES expres- 



sion and IL-6 production. PMA and forskolin, both ago- 
nists of these respective protein kinases, can mediate 
these effects, and appropriate kinase inhibitors impede 
them. These kinase inhibitors, however, do not block the 
effects of TNF-a, and .other cyclic adenosine monophos- 
phate agonists are not effective (193,222). 

Absence of PKC translocation from cytosol to the 
plasma or nuclear membrane particulate fractions of 
HUVECs after TNF-a exposure, has argued against a sig- 
nificant PKC-mediated'pathway for the actions of TNF-a. 
The (l-l PKC isozyme, however, becomes activated with- 
out translocation, and it is sufficient for expression of ES 
and VCAM-1. This evidence from Harlan's group (223) 
suggests that PKC may mediate some effects of TNF-a. 
PKC is also strongly implicated in TNF-a induction of tis- 
sue plasminogen activator, because this substance is in- 
terdicted by the PKC- inhibitors; H7 and staurosporine, 
and it is stimulated by 4(5 phorbol, 12 myristate, 13 ace- 
tate (PMAs) (153). 

IL-l ^-mediated endothelial cell phospholipase A2 ac- 
tivity and prostacyclin synthesis occur via. a novel transr 
ducing pathway that does not involve early activation of 
phospholipase C, phospholipase D, or adenylate cyclase. 
,(224). * * 

Activation- of Transcription. Factors: TNF-a and 
TL-1 signaling on ECs involves activation of the transcrip- 
tion factors AP-1, NF-kappa B (NF-kB), interferon regula- 
tory factor 1, cAMP response element (CRE), andTRE 
(PMA response element) (193,225). This level of the sig- 
naling pathway offers some explanation for the" selective 
endothelial induction of ES. Two proximal ES promoter 
elements, in addition to NF-kB, are essential for cytokine . 
induction of ES transcription. One of these elements, 
however, is not endothelial-specific, because it can func- 
tion as a T-cell enhancer, as well as cooperate with NF-kB 
to yield cytokine induction of ES gene transcription in 
ECs (226). DNA me thy la don of the ES promoter re- 
presses NF-kB transactivation in nonendothelial cells, 
and, in comparison, the ES promoter in ECs is un- 
dermethylated, suggesting that methylation could have a 
role in cell- type-specific expression of this gene (227). 

The cytokine-resporisive regions of the VCAM-I pro- 
moter are functional NF-kB and GAT A elements (228). A 
comparison of the transcriptional control of VCAM-1 in 
muscle and ECs is enlightening. Muscle cells display high 
basal VCAM-1 expression that is not cytokine-inducible; 
a position-specific enhancer overrides other promoter el- 
ements. ECs have octamer binding sites that act as silenc- 
ers, thus dampening VCAM-1 expression in unstimulated; 
cells. TNF-a overcomes this inhibition through two. adja- 
cent NF-kB sites (229). 

NF-kB induction by IL-la, TNFra, and LPS is inhib- 
ited by l-kappa Ba (IKBa or MAD-3), which sequesters 
NF-kB to the cytoplasm. Cell stimuli, such as TNF-a or 
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PMA, cause rapid degradation of IKBct, thus relieving this 
inhibition and allowing NF-kB to translocate to the nu- 
cleus and tra reactivate its target genes. Following this 
process, there is a dramatic increase in IKBct mRNA and 
protein synthesis. Expression of IKBa is also inversely 
regulated by NF-kB in a negative-feedback mechanism: 
NF-kB down-regulates its own activity after transient ac- 
tivation of target genes has been achieved (230,231). 

. DISEASE ASSOCIATIONS 

Endothelial Damage: Several diseases are associated 
with elevated serum or tissue levels of TNF-ct or IL-l, 
such as idiopathic pulmonary fibrosis (232), systemic 
vasculitis (233,234), rheumatoid arthritis (235), psoriasis 
(236), cerebral malaria (237), and sepsis (238). All these 
disorders have some form of vascular pathology. 

There is ex vivo evidence that supports the role of TNF- 
a and IL-l in EC injury in Kawasaki's disease (KS). KS 
histopathology shows panvasculitis with endothelial ne- 
crosis and Ig deposition. Sudden death stemming from 
coronary arteritis is well recognized r In. diisrcondition. 
Circulating antibodies in patients with KS; display- com- 
plement-dependent cytotoxic activity , against "lILni : or , 
TNF-a-inducibie EC "antigens, but not ^agal^^t > J^estirlg•.":; 

In vitro models of endothelial injury^ also suggest tJiat;' 
these cytokines may bring about EC damage. After . IL- i"; 
activation, for instance, EC monolayers coincubatedl^th 
unstimulated neutrophils show extensiveEC detachment* 
and loss of monolayer integrity. This process is mimicked 
by neutrophil elastase exposure, and it is prevented by 
serine protease inhibitors or avoidance of direct EC-neu- 
trophil contact (240). 

Adhesion Molecule Expression in Tissues: Exami- 
nation of the tissue expression of adhesion molecules 
confirms their association with inflammatory diseases, 
and it indirectly implies that TNF-a and IL-l exhibit 
widespread endothelial activity. 

Normal peripheral lymph node and mucosa- associated 
lymphoid endothelium show no VCAM-1, but they do: ex- 
hibit 1CAM-1. VCAM-1 is present in follicular centers and 
interfollicular zones. ECs in most other normal tissues ex- 
press little or no VCAM-1, but focal reactivity is seen in 
arterial vasa vasorum, hepatic Kupffer's ceils, and some 
renal tubular epithelial cells (241). ES is absent from nor- 
mal capillaries, but it is found on large vessel and umbili- 
cal vein, endothelium (242). 

In acute appendicitis or diverticulitis, strong VCAM-1 
and ES staining is seen in ECs of dilated serosaLvenules... 
Lymphadenitis (sarcoid or toxoplasma!) shows focal 
venular VCAM-1, but there is litde or no ES. VCAM-1 
staining is stronger and more widespread in cat-scratch 
lymphadenitis, and ES is also present. In most dermato- 



ses, VCAM-1 and ES show venular endothelial expres- 
sion. Vascular pericytes in inflamed skin may also stain 
for VCAM-1; ECs in. the same vessel sometimes stain neg- 
ative. This finding is consistent with our in vitro observa- 
tions of the induction of VCAM-1 staining on VSMCs by 
TNF-a or IL-l. 

VCAM-1 is abundant in the synovitis of rheumatoid 
arthritis. It is present in venules associated with chronic 
inflammatory cell infiltrates and also on hyperplastic sy- 
novial lining cells. ES is also present; it varies in intensity 
according to disease activity, and it is localized to ECs. 
The level of expression of both adhesins is far less in the 
synovium of osteoarthritis, a condition with fewer inflam- 
matory features (241,243). Psoriatic arthritis, usually in- 
distinguishable from rheumatoid disease with regard to 
the degree of clinical inflammatory joint findings, also 
shows less EC ES (244). 

VCAM-1 is expressed on venular ECs in cardiac and 
renal allografts, and its presence correlates with T cell in- 
filtrates (245,246). During rejection of human liver trans- 
plants, there is increased expression of ICAM-l on target 
structures, such as bile ducts and venous endothelium, as 
well as on lymphocytes infiltrating the graft (247). 

Human coronary arteries and abdominal , aortas af- 
j fee ted by diffuse intimal thickening and atheromatous 
^plaques show a marked increase in expression of ICAMrl, 
"tv ES, and; to a lesser extent, HLA-DR/DP on ECs adjacenr 
2? ; to subendothelial infiltrates of T lymphocytes and macro- 
" : phages. This effect contrasts with lower or absent expres- 
sion of these markers at sites without prominent - inflam- 
matory cell infiltrates, and it suggests that cytokines 
produced by these subintimal infiltrates may activate the 
endothelium in a manner similar to that observed in the 
micro vasculature at sites of immune inflammation (248). 

In Vrvo Actions: Subcutaneous injections of TNF-a 
in baboon skin attempt to stimulate the natural release of 
this cytokine in vivo. These experiments show that ES, 
ICAM-l,. and VCAM-1 expression are induced at post- 
capillary sites, which concurs with results seen in cul- 
. tured ECs. Expression of ES at such sites is evident 2 
hours after injection,, and it correlates highly with neu- 
trophilic exudates. ICAM-l and VCAM-1 are seen 24 
to 48 hours after -TNF-a exposure, and they corre- 
late with mononuclear infiltration. Such results sup- 
port the hypothesis that selective adhesion molecule ex- 
pression contributes to selective leukocyte extravasation 
(249,250). 

The tissue injury that accompanies hypoxemia and. 
reoxygenation has features of the host response in inflam- 
mation, suggesting that cytokines such as IL-l may act as 
mediators in this setting. Human ECs subjected- t hy- 
poxia elaborate IL-l activity. There is an increase in the 
level of IL-l a mRNA, followed by induction of ES and 
enhanced expression of ICAM-l during reoxygenation. 
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Adherence of leukocytes is increased 3- to 5-fold, and it is 
partly blocked by antibodies to ES and ICAM-1. Suppres- 
sion of endothelial-derived IL-l, using antibodies to 
IL-la, specific, antisense oligonucleotides, or the IL-l re- 
ceptor antagonist, decreases- leukocyte adherence to re- 
oxygenated ECs, thus emphasizing the integral role of IL- 
1 in the adherence phenomenon. 

Mice subjected to hypoxia display increased plasma 
levels of IL-la, induction of IL-lct mRNA in lung, and 
enhanced expression of ICAM-1 in pulmonary tissue 
compared with normoxemic control mice. Thus, hypoxia 
is a stimulus that induces EC synthesis and release of IL- 
la, and it may result in an autocrine enhancement of ad- 
hesion molecule expression (251,252). 

Plasmodium falciparum-mttcied erythrocytes isolated 
from a patient with severe complicated malaria bound to 
TNF-a-treated human vascular ECs via ES, ICAM-1, and 
V CAM- 1. Attachment of infected erythrocytes to blood 
vessel walls is understood to be the primary step in the 
vascular occlusion underlying this disease, in which 1 
serum TNF-a levels are characteristically, high.. ES . and 
VCAM-1 are expressed on brain microvascular endb the - 
Hum. of postmortem brain tissue from pauents. dying of - 
cerebral malaria (253). <;v.-;^^^VJ : • V^v-i -^v ?'?Tj' 

A. role; for. IL-l and ECs in" die; neuronal mechanisms v 
related to (3-amyloid protein deposition in senile plaques / 
in patients with Alzheimer's disease is suspected" The pro- 
tein precursor of p-amyloid is expressed bri'.ECs teserule " 
plaques. Its mRNA in human endothelial, neuronal,, and 
brain-derived murine ECs increases when these cells are 
■exposed to I-L-ip (254). 

, Pancreatic carcinoma cells are among a group of neo- 
plastic cells that express the ES ligand, sialyl Lewis (a). 
Their attachment to activated ECs is thus regulated by 
cytokines such as IL-l (J and TNF-a, which induce endo- 
thelial ES (255). 

Finally, EC activation by cytokines can also be benefi- 
cial. Congenital toxoplasmosis involves infection of um- 
bilical cord vessels as a major route of transmission. IL-1J3 
and TNF-a, in cooperation, inhibit EC replication of T. 
gondii, an obligate intracellular parasite. IFN-y has a sim- 
ilar retardive effect (256). 

Chemokines 

Chemokines are a group of 8- to 1 1-kd proteins produced 
by ECs as well as leukocytes, fibroblasts, and keratino- 
cytes (206,257). Their primary function is chemoattrac- 
tion, but stimulation of leukocyte microbicidal activity 
and respiratory burst become evident at higher con- 
centrations. They are divided into two families on the 
basis of their leukocyte predilection and structure. The 
a-sub family, exemplified by IL-8 (neutrophil-activating 
protein-1), has an amino acid intervening between the 



first two cysteines of its amino terminus (i.e., C-X-C), 
whereas the (3-subfamily, exemplified by MCP-1, does not 
(i.e., C-C) (258,259). 

Each chemokine shows some selectivity for a leuko- 
cyte species both in vitro and in vivo. IL-8 acts on neutro- 
phils, although there is also some evidence for T cell and 
eosinophil activity (259-261). MCP-1 is a chemoattract- 
ant for human monocytes (262). MIP-1 attracts activated: 
T cells, whereas RANTES (regulated on activation, nor- 
mal T expressed and secreted) acts on unstimulated T 
cells, monocytes, and eosinophils (263—265). Further- 
more, MlP-la acts preferentially on CD8+ lymphocytes, 
whereas MIP-iP attracts CD4+ cells (263). This chemo- 
tactic discrimination, plus that offered by the adhesion 
molecules, provides the means to selectively control ex- 
travasation of each leukocyte subset. 

IL-8 AND NEUTROPHIL TRANSMIGRATION: 
Endothelia treated with IL-l or TNF-a bring about neu- 
trophil transmigration. This effect appears to be at least 
partly due to stimulation of the endothelium's endoge- 
nous production of IL-8, which acts as a chemoattractant 
if added to the basal EC compartment in an in vitro model 
of the vessel wall (205,206). Antisera to IL-8 markedly 
inhibit neutrophil transmigration across activated EC 
monolayers, and washing the basilar compartment of the 
vessel wall, which depletes IL-8 from the subendothelial 
; matrix, also prevents neutrophil invasion unless IL-8 is 
readded (205). IL-8 is less effective in a chemokinetic role 
(i.e., when placed on both sides of the endothelium) 
(202). - 

Given that neutrophils must contact the endothelium 
for transmigration to occur, it is suggested that IL-8 cre- 
ates not only a chemo tactic gradient, but also a 
haptotactic gradient of IL-8 molecules over the EC sur- 
face, along which neutrophils may move (7,204). Consis- 
tent with this proposal, IL-8 binding sites exist on ECs of 
postcapillary, and collective, venules and small veins, but 
they are not found on arteries or capillaries (266). Immu- 
nohistochemical analysis of lL-l|S-srimulated ECs in vivo 
reveals IL-8 in association with both the EC monolayer 
and the underlying interstitium (205). IL-8 may reach 
these sites by diffusion from perivascular tissues or 
through local production by endothelium. A soluble che- 
motactic mechanism alone would be an unlikely method 
for neutrophil transmigration, because soluble IL-8 inhib- 
its neutrophil-endothelial interactions, it leads neutro- 
phils to shed L-selectin (a molecule involved in their pri- 
mary rolling attachment to ECs), and it would be 
continually eroded by virtue of flow dilution (7,267). 

Desensitization of neutrophils to IL-8 confirms the ex- 
istence of another factor involved in the control of trans^ 
endothelial migration. The procedure decreases neutro- 
phil transmigration through cytokine-stimulated ECs 
totally. Desensitization to another chemotactic agent, N- 



Human Cytokines: Their Role in Disease and Therapy 113 



formyl-methionyl-leucyl-phenylalanine (FMLP), creates 
neutrophils that still respond to an IL-8 gradient, suggest- - 
ing that the desensitization process does not prevent neu- 
trophil migration. They are, however, inhibited from 
transmigrating across cytokine-stimulated ECs by 74%, 
through a putative second, lL-8-independent pathway 

(268) . TNF-a and IL-8 have additive effects on transmi- 
gration, which further suggests the existence of an IL-8- 
independent mechanism (202). 

Chemotactic desensitization also demonstrates the di- 
chotomy between adhesion and transmigration. Neutro- 
phils desensitized to IL-8 adhere avidly to ECs due to ac- 
tivation of their CDUb/CD18, but they do not migrate 

(269) . Furthermore, lymphocytes will adhere to TNF-ct- 
treated EC monolayers, but they do not migrate through 
them (204). 

IL-8 AND NEUTROPHIL ADHESION: Neutro- 
phils that have established adhesive contact on the endo- 
thelium display activation of their P 2 -integrins, and they 
lack L-selectin (7). Soluble IL-8 also causes nonadherent 
neutrophils to shed L-selectin„ and as a result of further,, 
as yet uncertain means, it decreases neutrophil-endo the - 
Hal interactions (267). Intravenous IL-3 administration to : . 
nonhuman primates results in granulocytosis and. neurxo-:; 
phil marginatum in lung, 'live?;: ahcE spleen,." but rib iSssii&Qp 
infiltration (270). Thus, depending: on whether more 11^8 -f; 
is bound or. free, neutrophils are eitheritimulate^ 
are inhibited from adhering. :r v C^yS^^^^^^^^^^^s^Si 

Because neu trophil co ntac t with . cy to kine^ac uy a ted- > 
endothelium may lead to EC damage, IL-8 steers the in- 
teractions of these two cells through three possible 
courses: (a) diapedesis and transmigration, (b) expulsion 
of granule contents and EC damage, or (c) detachment 
via soluble IL-8 to reenter the circulating pool (240). The 
levels of soluble, intravascular IL-8 at a site of inflamma- 
tion are controlled by the availability of free binding sites, 
blood flow washing away soluble factors, circulating anti- 
bodies to IL-8 (271), and red blood ceils, which bind IL-8, 
rendering it incapable of stimulating neutrophils (272). 

. MONOKINES: MCP-1, MIP-1, and RANTES are the 
mononuclear cell chemoattractant equivalents of IL-8. 
Their synthesis is induced." in ECs by IL-1, TNF-a, LPS, 
and thrombin (273,274). IFN-y also induces MCP-1 
mRNA, but to a lesser extent (274). MCP-1 protein stead- 
ily accumulates from ECs exposed to IL-1 (3 over 48 hours. 
It has chemoattractant properties for monocytes, and it 
can activate monocyte P 2 -integrins (274,275). 

Akin to IL-8, MIP-lpl is. also present on lymph node 
endothelium in an immobilized: form, and' thus it is resis- 
tant to loss in the flow of the. bloodstream. In vitro immo- 
bilization of MIP- lp on proteoglycans assists the binding 
of T cells to VCAM-1 (276). MIP-lJJ may therefore con- 
trol not only the chemotaxis of T cells, but also their ad- 



hesion to endothelial VCAM-1. This process is similar to 
IL-8 activation of neutrophil (3 2 -integrin, although the 
mechanism of this effect of MIP- 1(5 is unresolved. 

DISEASE ASSOCIATIONS: The chemokines are as- 
sociated with both acute and chronic disease processes. 
IL-8 appears in the circulation in patients with septic 
shock, endotoxemia, and after IL-1 administration (277). 
Bronchioloalveolar lavage IL-8 levels are higher in pa- 
tients with acute respiratory illnesses in whom the adult 
respiratory distress syndrome subsequently develops 
. (278), than in those in whom it does not develop. Acute 
asbestos-induced pleurisy is characterized by an influx of 
neutrophils. Introduction of crocidolite asbestos or TNF- 
ct into the pleural space leads to the appearance of chemo- 
tactic activity for neutrophils, which is inhibited by anti- 
IL-8 and is accompanied by rapid induction of IL-8 
mRNA in mesothelial cells (279). 

Extracts of synovium from joints afflicted by rheuma- 
toid arthritis possess diverse chemotactic activities to 
monocytes, T cells, and neutrophils. mRNA for IL-8, 
MCP, RANTES, and GRO is expressed in synovial fluid 
cells and synovial macrophages and fibroblasts. The che- 
■ mo tactic activity can be adsorbed by anti-lL-8 and anti- 
^MCP-1 antibodies. MCP-1 levels are significantly, higher 
:v.in synovial fluid from patients with rheumatoid arthritis 
i than those with osteoarthritis, which . is consistent with 
-;the relative components of inflammation in the two'disor- 
•vders. The concentration of IL-8 arid RANTES mRNA:in : 
: blood is also less than in synovial fluid cells, which is con- 
sistent with the central site of inflammatory activity (280^ 
.285). * - 

Circulating antibodies to IL-8 have been demonstrated 
in patients with rheumatoid arthritis; they correlated 
strongly with C-reactiye protein, number of arthritic 
joints, and disease activity (271). IL-8 immunbstaining is 
also noted on ECs in the minor salivary glands of patients 
with Sjogren's syndrome (286). 

Minimally modified low density lipoprotein (LDL) in- 
duces MCP-1 in human endothelial and smooth muscle 
cells, and a role in atherosclerosis is further suggested by 
expression of MCP-1 mRNA and protein in atheroscle- 
rotic lesions of rabbits, but not from the intima or the 
media of normal animals. MCP-1 can be extracted and hy- 
bridized from lesional foam cells, but not from alveolar 
macrophages, sublesional VSMCs, or normal arteries 
(287,288). 

Interferon-y 

IFN-y is a T-cell product that steers ECs toward a pheno^ . 
type consistent with chronic inflammation; they express- 
class I and II MHC antigens, and they resemble a high 
endothelial venule (289). Its intracellular signaling in- 
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volves phospholipase D-dependent triphasic activation of 
PKC (290). 

EFFECTS ON ADHESION MOLECULES: The ef- 
fects of IFN-yon the EC adhesion molecule profile differ 
from those of IL-l and TNF-a. I FN-y stabilizes the surface 
expression of ES, but it does not induce or prolong its • 
period of synthesis (291). It does not increase PS expres- 
sion, but ICAM-L is up-regulated (169,292). IFN-y has a 
minor part in the induction of the L-selectin ligand com- 
pared with TNF-a and lL-lp'081), but it decreases EC 
expression of CD34, another L-selectin ligand (179). 

IFN-y has not been found to induce VCAM-1 on cul- 
tured ECs (185), but it does lead to a marked up-regula- 
tion of endothelial and dermal dendritic cell V'CAM-1 
after intradermal injection. In comparison to normal skin, 

.in which VCAM-1 is present on perivascular dendritic' 
cells and some follicular keratinocytes only, VCAM-1 is 
variably up-regulated on dermal endothelial and dendritic 
cells in allergic contact dermatitis, atopic dermatitis, li- 
chen planus, and psoriasis, all conditions with increased 

-local IFN-y (293). • - \~ \ •" ' •/ — - ; 

EFFECTS ON MHC EXPRESSION: Class I MHC, , 
appears on ECs exposed to IFN-y CI 69);, the ECs theh be-^ 

,come antigenrpresenting cells for. lymphocytes: (294)^. 
IFN-y increases TAP-1 expression, thus pennitting* 'as'v r ; 

I sembly and normal surface expression of the clasFl MHC ;J 
molecules. Both class I MHC and TAP-1" are syTiergistL-" ;i 
cally increased by combinations of TNF-a with IFN-y 
(196). 

Class II HLA-DR antigens are uniquely induced on 
ECs by IFN-y; they selectively increase the adhesion of 
CD4+ lymphocytes to ECs over other leukocyte popula- 
tions (289,295,296). Serially passaged EC cultures will 
stimulate highly purified peripheral blood CD4+ T cells to 
proliferate if the EC cultures are pretreated with IFN-y to 
induce de novo expression of MHC class II molecules 
(297). T-cell production of IFN-y correlated with the in- - 
tensity of EC expression of MHC antigen in a rat model of 
insulins (298). 

OTHER ENDOTHELIAL EFFECTS: Human re- ' 
combinant IFN-y increases HUVEC monolayer perme- 
ability to [ l23 I| -labeled bovine serum albumin in a time- 
and dose-dependent manner. IFN-y and TNF-a or IL-l 
produce an increase in permeability greater than that seen . 
with each cytokine alone (299). Migration of lympho- 
cytes through endothelial cell monolayers is also aug- 
mented by an endbthelial-specific effect of IFN-y. This 
augmentation affects even prebound lymphocytes: . ^ 
therefore affects migration and not just adhesion (300). 
The mechanism is not resolved, although IFN-y increases 
MCP-1 production. 

IFN-y decreases EC av(i3-integrin (the vitronectin re- 



ceptor), and it induces al|3l (192,301). It decreases EC 
mRNA and protein levels of PDGF and GM-CSF, it in- 
creases IL-l mRNA, and it weakly induces IL-6 produc- 
tion (106,154,302). 

Hematopoietic CSFs 



IL-3 acts directly on hematopoietic and endothelial cells, 
and it favors their proliferation, as discussed. Pro- 
inflammatory effects of excess levels of CSFs have been 
evident in clinical practice and in animal models 
(303,304), but they have been ascribed to action^on ma- 
ture leukocytes, such as those favoring their adhesion to 
endothelium (305,306) and activation (307-310). ECs 
have been seen as a source of G-CSF, GM-CSF, and 
. M-CSF when activated by other cytokines (e.g., IL-l, 
TNF-a, oncostatin-M) (311-313). Modified LDLs pro- 
duce a similar effect, and because M-CSF binds preferen- 
tially to type V collagen (a collagen reported in athero- 
sclerosis), this effect has led to suggestions that CSFs thus 
,- ; produced and acting on leukocytes may have a role^ in 

atherosclerosis (314,315). 
~" We and others have observed that resting HUVECs ex- 
press mRNA for the a- and |}-chains of the IL-3 receptor, 
I and that this is a functional mediator of endothelial inter- 
actions, with leukocytes- -(90-9 2). Previous^- reports had 
- generally concluded that CSFs do not influence. these en- 
dothelial properties (e.g.,.procoagulant activity;. produc- 
tion of PAF; expression of ES, PA, or PAI-1) (88-89). Pos- 
itive reports (e.g., G-CSF augmenting ET-1 production 
(316), and GM-CSF and M-CSF weakly increasing endo- 
thelial ICAM-l expression) (292,317) are controversial in 
light of the absence of demonstrable receptors for these 
cytokines on ECs. 

IL-3, however, induces ES surface expression on rest- 
ing HUVECs, as well as those treated with TNF-a. It sup- 
ports neutrophil and CD4+ lymphocyte adhesion (90,92). 
IL-8 production and neutrophil transmigration across 
TNF-a-acrivated HUVEC monolayers are also increased 
by IL-3 (90). Thus, at least one CSF clearly alters endo- 
thelial interactions with leukocytes in vitro. 

Transforming growth factor-fi 

TGF-P is a 25-kd dimer that appears to be a vital anti- 
inflammatory factor. Three isoforms are known in hu- 
mans, but consideration is given in this discussion only to 
TGF-P-1. At the cellular level, TGF-fJ has pleiotropic ef- 
fects on morphogenesis, proliferation, and differentiation 
. (318,319). Lin and Lodish (320) categorize its effects as- 
(a) interruption of cell cycle in mid-to-late Gl-phase, 
thus preventing induction of DNA synthesis and progres- 
sion into S-phase; (b) induction of ECM and decreased 
synthesis of matrix-degrading proteinases; and (c) modu- 
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lation of the secretion of other growth factors and their 
receptors (320). 

Endothelium secretes latent TGF-p which undergoes 
activation in heterotypic co-cultures with other cell types 
such as pericytes or VSMCs (18,72). Its production in ad- 
dition appears to be under positive autocrine control and 
is increased by TNF-a and IL-l in a synergistic manner 
(321,322). 

ENDOTHELIAL EFFECTS OF TGF-pl: TGF-P is 
recognized as a fundamental protein given the multifocal 
inflammatory disease seen, in mice with targeted deletion 
of the TGF-PL gene. At birth, these animals show no gross 
developmental abnormalities, but approximately 20 days 
later, they succumb to a wasting syndrome accompanied 
by a mixed inflammatory infiltrate, leading to organ fail- 
ure in heart, stomach, liver, lung, pancreas, salivary 
gland, and striated. muscle. There are increased numbers 
of neutrophils and monocytes in peripheral blood, and 
analysis of cytokine mRNAs from spleen, liver, and lung 
show increased IFN-y, MlP-la, TNF-a, and IL-ip levels 
(323.324). . . J vv ': ; JF^^&tz 

Although the mechanisms behind this pathology 1 are 
not entirely certain and may not be direcdy applicable; to/ 
humans, experimental data demonstrate that TGF-P- neg-.: 
atively modulates the" interactions between human: ECsv 
and leukocytes therefore contribute to the inflammatory^ 
homeostasis of the organism. The basal and' TNF-6^L-l-^ 
induced adhesiveness of ECs for tteutrophiIs{(3^K 
lymphocytes (326), monocytes (Li twin MS, et al. v unpub- 
lished observations), and tumor cells (327) are , decreased- 
by TGF-P. This decrease is accompanied by a reduction in 
the EC surface expression of ES; there is no change in 
VCAM-1 or ICAM-1 (328). Neutrophil transmigration 
across basal and cytokine-stimulated EC monolayers is 
also inhibited by TGF-p, with an accompanying reduc- 
tion in EG IL-8 secretion (Smith WC, et ai., unpublished 
observations). 

Expression of VCAM-1 on VSMCs in their basal state 
or after TNF-a stimulation is also inhibited by TGF-P. Be- 
cause active TGF-P is produced as a result of coculture of 
VSMCs and ECs, this close cellular association- may be. re- 
sponsible for the lack of VCAM-1 expression on in situ 
normal VSMCs. Interruption of this contact in atheroma 
and loss of active TGF-P may be important pathogenic 
events (Gamble JR, etal., unpublished observations). 

TGF-P RECEPTORS AND SIGNALING: There are 
three cell surface TGF-P binding proteins, each reported 
to be expressed on ECs (74,329). Type I and III receptors- 
are thought to capture TGF-P and present it to type II re- 
ceptors, which are functional transmembrane serine/thre- 
onine kinases (320,330). in addition, there are a number 
of other binding proteins that exist as soluble forms or in 
the ECM. ct 2 -Macroglobuhn and P-glycan are believed to 



deliver TGF-P to its signal transduction receptors, 
whereas decorin neutralizes TGF-P (8). The effects of 
TGF-p on ECs, however, may relate more to expression of 
downstream components of the signaling pathway than to 
the type of receptor expressed, because these receptors 
are found even on TGF-P-unresponsive ECs. On other 
cell types, divergent responses are produced despite ex- 
pression of the same receptors (331,332). 

DISEASE ASSOCIATIONS: In several experimental 
animal diseases modeling human illnesses marked by a 
significant inflammatory component, administration of 
TGF-P leads to amelioration of both disease and tissue 
infiltration. In experimental allergic encephalomyelitis 
TGF-p appears to protect against disease relapses. Anti- 
TGF-p antibody increases the incidence and severity of 
relapses, whereas anti-TNF-a antibody decreases them. 
TGF-p treatment does not influence the appearance of 
sensitized cells in peripheral blood and lymph nodes, but 
it does prevent accumulation of T cells in brain and spinal 
cord (333). Similar benefits from TGF-p are claimed in 
myocardial ischemia/reperfusion injury (334,335), as. 
well as acute and chronic streptococcal-induced arthritis. 
Histopathological examination of the latter shows re- 
; duced inflammatory cell infiltration, pannus formation, 
and joint erosion (336) . 

r Lipoprotein(a) (Lp[a]> is an LDL-like "particle that 
i..eontains apolipoprotein(a),.a molecule: with homology to . 
: plasminogen. Epidemiological studies have shown signif- 
icant correlation between blood levels of Lp(a) and coro- 
nary/cerebral vascular disease. Lp(a) inhibits-generation 
of TGF-P in cocultures of ECs with VSMCs by competing, 
with plasminogen for EC surface binding, thus decreasing 
the EC plasmin-generating activity. This process may lead 
to down-regulation of TGF-p activation, and, because 
TGF-P is an inhibitor of EC proliferation, adhesiveness 
for leukocytes, VSMC migration, and VCAM-1 expres- 
sion, Lp(a) may use this mechanism in the generation of 
atheromatous lesions (337). 

ECs from skin affected by psoriasis show specific unre- 
sponsiveness to the inhibitory effects of TGF-p on base- 
line, IL-1-, and TNF-a-induced increases in lymphocyte 
adhesion, compared with cultured normal dermal micro- 
vascular ECs (338). If this finding reflects only swamping 
of the relatively weak negative signal of TGF-p by other 
more powerful proinflammatory influences, it is still a dem- - 
onstration of the finely balanced forces in mflamrnatiorL 

Interleukin-4 , 

IL-4 is a product of T cells, mast cells, and bone marrow 
stroma cells. It has a dominant role in the development of 
undifferentiated T helper (Th) cells into Thl and Th2 
cells, favoring the Th2 phenotype (339). It also inhibits 
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several monocyte functions in vitro, including the respi- 
ratory burst; adhesion to endothelium and IL-l, TNF-a, 
IL-6, and IL-8 (340-343). 

IL-4 assists endothelial induction of VCAM-1 by IL-l, 
TNF-a, or IFN-y. Expression of basal and cytokine-in- 
duced ES and, to some extent, ICAM-l, is decreased, 
however, and together with TGF-p there is additive inhi- 
bition of ES (328,344,345). Through these changes, IL-4 
increases EC adhesiveness for T cells, eosinophils, and 
basophils, but not for neutrophils, because the former ex- 
press very-late antigen (VLA-4); a ligand for VCAM-L, but 
neutrophils do not (346,347). Furthermore, eosinophils 
(but not neutrophils) from individuals with atopic derma- 
titis migrate through IL-^p re treated EC monolayers (348). 

Both IL-4 and TNF-a increase intracellular cyclic AMP 
in ECs, bur only IL-4 uses this pathway to mediate lym- 
phocyte adhesion. Elevation of cAMP in ECs does not in- 
duce VCAM-1, the only identified adhesion molecule in : 
duced by IL-4, indicating that an increase in cAMP in EC 
promotes an as yet unidentified adhesion pathway (349). 

IL-4 increases resting endothelial MCP-1 production. 
" It does not further increase ILtI or. .TNF -induced MCP-l ' y , 
mRNA, but there is an increase in secreted^ 
these factors in combina tion; therefore /monocytes, cfijat.;. , 
adhere to the vascular; wall byriL : 4-ihduced^ VCAM-T ;: : : 
may be uniquely positioned to" respond .[to- EC-produced; ;v 
MCP-1 (350-352). IL-4 decreases IL-8 productiqh by^erS ; ; 
dothelium (Smith WB, et at, unpublished 6bseryati6ns)v T y 
which further suggests its activity favors mononuclear:"., 
rather than neutrophil transmigration. 

IL-4 may alone be insufficient to mediate leukocyte ex- 
travasation in vivo. Studies of monocyte morphology after 
adhesion to lL-4-treated, VCAM- 1-bearing endothelium . 
show that although there are more adherent monocytes, 
they do not stretch over the surface of ECs, which is 
thought to be a precursor of their transmigration. In con- 
trast, stimulation of ECs with IL-la for 24 hours in- 
creases surface expression of both ICAM-1 and VCAM-1, . 
enhances binding of monocytes to ECs, and increases the 
percentage of EC-bound monocytes with a stretched mor- 
phology (353). 

IL-4 induces IL-6 production by ECs in synergy with 
IFN-y, IL-l, and TNF-a (354,355).. 

Interleukin-6 

IL-6 is a T-cell cytokine that acts as a B-ceil differentiator, 
a plasmacytoma growth factor, and a stimulator of hepatic 
acute-phase reactants. It increases endothelial ICAMi-L - 
expression (292). IL-6 is produced by ECs stimulated, 
with a variety of proinflammatory cytokines, such- as IL-l, 
IL-4, TNF, and IFN-y (221,352,356). Exposure of ECs to 
mouse hepatitis virus leads to their production of IL-6 
(357). 



Endothelial monocyte-activating polypeptide 11 

Endothelial monocyte-activating polypeptide II (EMAP- 
II) is a 22-kd polypeptide purified to homogeneity from 
the conditioned medium of murine fibrosarcoma cells 
based on its ability to induce tissue factor activity in ECs. 
In addition to procoagulant activity, it induces monocyte 
migration, and it is chemotactic for granulocytes. Injec- 
tion into foot pads of mice leads to tissue swelling, with 
neutrophil infiltration (358). 



SUMMARY 



The major functions of the endothelium (i.e., renewal, 
angiogenesis, and interactions with blood components) 
are subject to the influence of many cytokines (Table 7-1) 
that often have overlapping, generally redundant effects, 
but nevertheless a wide spectrum of different actions. 

Redundancy and plewtropism among cytokines 

- Redundancy among, these cytokines is well exemplified 
; by the control of surface adhesion molecules by TNF-a t 
" IL'-l , IFN-yr IL-3, and IL-4, or of EC proliferation by FGF, 
VEGF, SF, IL-3, and: TGF-p. "For instance, TNF-a, IL-l, 
.and IL-4 each encourage interaction of ECs with, mono- 
nuclear cells by increasing endothelial expression of 
VCAM-1. TNF-a and IL-l have the additional capacity to 
induce the display of ES by ECs and, consequently, their . 
attachment of neutrophils. In direct contrast, IL-4 de- 
creases ES expression by the endothelium, and it restricts 
its interactions to mononuclear cells and eosinophils. 

Stimulation of angiogenesis by FGF and TGF-P is an- 
other example. Both enhance angiogenesis, but, as de- 
scribed, they appear to have opposite effects on EC divi- 
sion and deposition of ECM. They appear to act in a 
complementary manner as respective initiators and com- 
pletors of this process. Therefore, what appears to be re- 
dundancy is in fact also^ specificity and complementary 
activity created through the varying actions of diverse 
agents. . 

Pleiotropism among the cytokines acting on endothe- 
lium is also evident. TNF-a and TGF-p provide a clear 
example. Amid their many actions on endothelium is, 
however, a consistent pattern. TNF-a is the proinflamma- 
tory agent that encourages coagulation, adhesion,, ahct 
chemokine production, whereas TGF-p prevents- the^e 
changes or acts to restore the status quo. A clear aid! in 
defining the understanding of pleiotropic agents, such as 
TGF-P; has been the study of animals with cytokine gene 
deletions. The multiinflammatory disease of TGF-p^-defi- 
cient mice now awaits further work to determine to what 
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TABLE 7-1 CYTOKINE ACTIONS ON ENDOTHELIUM 
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Mitosis 
Migration 

Plasminogen activation 
Integrin expression 
Angiogenesis 
Coagulation 
Adhesion molecules 
Permeability to molecules 
Permeability to leukocytes 
Cytokine production 
MHC expression 



TNF = tumor necrosis factor; IFN = interferon; TGF-P = transforming growth factor : 0; IL = intedeukin;. FGF = fibroblast growth 
factor; VEGF = vascular endothelial growth factor; CSF -» colony-stimulating factor; MHC major histocompatibility complex; ND = 
not done. 



extent the endothelial;' effects, of TGF-(3 conmbute^ to its- 
overall phenotype. Transgenic methods have not yet been 
applied to endothelial biology due to. the lack of endothe- 
lial-specific promo^ E$ 1tran- : 

scrip tion, which is uniquely expressed ^ori;ehdbthelium t ^ 
offers hope in this direction;'. 



Local availability of cytokines acting . 
on endothelium 



The local availability and source of cytokines are key fac- 
tors in their relative importance to endothelium. Acti- 
vated monocytes or lymphocytes, which produce many of 
the cytokines discussed, are generally features of estab- 
lished, chronic inflammation; thus, their cytokine pro- 
duction would not be expected to begin the first endo- 
thelial, changes. Mast cells, by virtue of their ubiquity, 
secretory granule storage (i.e., holding TNF-a), and re- 
sponsiveness to neural stimuli,, are suspected of being the 
key initiating cell. In delayed- type . hypersensitivity, reac- 
tions in human skin, d'egrahula tion of mast cells situated 
about superficial vessels is the first ultrastructurai change 
seen; it precedes inflammatory cell accumulation by 16 
hours (151). 

Cytokine availability is influenced by the ECM, which 
may provide binding sites that function as reservoirs or 
aids to receptor "interaction (8)^- The presence of binding 
sites is clearly important, for the r .chemokines;: as bound 
surface moiecules, they favor leukocyte hap to taxis,, but as 
free molecules^ they Inhibit leukocyte adhesion to ECs. 
ECM-EC interactions can also trigger the same intracel- 
lular signals evoked* by cytokines^ and the ECM is another 



area in which endothelial cell biologists will find fertile 
ground. ' ■■ . 

^Although "cy to ^hes : ire important- sigrm for ECs, other 
"means" o f ' cbmmurucaDoh 'areTincreasirig^ under- 
stood/ Molecules assigned one particular function have 
been discovered to have, a second signaling function. -For 
example, CD31 (PECAM-1) was viewed only as an inter- 
cellular junction molecule with a role in leukocyte trans- 
migration, but its ligation selectively assists interaction 
between the Cc4(Jl -integrin found on leukocytes and 
VCAM-1 (359). Mechanical displacements from the 
bloodstream lead to changes in cell biochemistry. Flow or 
shear stress is transduced by ECs into the induction of 
c-fos, PDGF, and activated factor X expression. Circum- 
ferential tensile stress due to blood pressure leads to 
thickening of the vascular wall (360-362). 

The signaling pathways of cytokines, as well as the sig- 
nals that follow -ligation- of surface molecules or percepti- 
ble displacement of cell" membranes, are likely to assume 
increasing importance. The . cyclosporine revolution in 
clinical medicine has clearly shown that the pathways for 
intracellular communication are central to an under- 
standing of cytokine actions, and that they are likely to be 
promising, sites for clinically oriented interventions. TNF 
receptor-bindihg.mutarits with decreased endothelial pro- 
inflammatory -actions that retain antitumor properties 
offer the promise" of isolating the actions of. other pleio tro- 
pic cytokines and potentially applying these findings se- 
lectively to clinical practice (219). 
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Abstract. Human endothelial cells are induced to 
form an anastomosing network of capillary tubes on a 
gel of collagen I in the presence of PMA. We show 
here that the addition of mAbs, AK7. or RMAC11 di- 
rected to the cc chain of the major collagen receptor 
on endothelial ceils, the integrin r^ : , enhance the 
number, length, and width of capillary tubes formed 
by endothelial cells derived from umbilical vein or 
neonatal foreskins. The ami-a2j3, antibodies maintained 
the endothelial cells in a rounded morphology and. in-, 
hibited both their attachment to and proliferation on 
collagen but not on fibronectin, laminin. or gelatin 
matrices. Furthermore, RMACI I promoted tube forma- 
tion in collagen gels of increased density which in the 
absence of RMACll did not- allow tube formation. Nei- 
ther RMACI 1 or AK7 enhanced capillary formation in 
the absence of PMA. Lumen structure and size were 
also altered by antibody RMACll. In the absence of 
antibody the majority of lumina were formed intra- 



Nbw blood vessel formation is an essential event in 
embryogenesis and wound healing. However little 
is known about the steps which induce flat, static en- 
dothelial cells (EC) 1 to undergo differentiation leading to a 
new capillary bed. Recently, a number of in vitro assays have 
been established which are thought to mimic angiogenesis 
and these have provided insight into possible mechanisms. 
EC initially, undergo a spatial reorientation toward** the an- 
giogenic stimulus, invade and disrupt the extracellular ma- 
trix (ECM) by production of matrix degrading enzymes such 

Please address all correspondence to J. R. Gamble. Hanson Center for Can- 
cer Research, Insiituie of Medical and Veterinary Science. Frome Road, 
Adelaide. 5000. South Australia. " - 

1. Abbreviations used in this paper. EC. endothelial cells: ECGS. endothe- 
lial cell growth supplement; ECM, extracellular matrix: HUVEC human 
umbilical vein endothelial cell; MVEC. micruvessel EC; uPA. urokinase 
plasminogen activaior. 



cellularly from single cells, but in the presence of 
RMACll, multiple cells were involved and the lumen 
size was correspondingly increased. Endothelial cells 
were also induced to undergo capillary formation in 
fibrin gels after PMA stimulation. The addition of 
anti-u.^3 antibodies promoted tube formation in fibrin 
gels and inhibited EC adhesion to and proliferation on 
a fibrinogen matrix. The enhancement of capillary for- 
mation by the anti-integrin antibodies was matrix spe- 
cific; chat is, anti-a,.jt3-» antibodies only enhanced tube 
formation on fibrin gels and not on collagen gels while 
'anti-ucvfii antibodies only enhanced tubes on collagen 
and not on fibrin gels. Thus we postulate that changes 
in the adhesive nature of endothelial cells for their ex- 
tracellular matrix can profoundly effect their function. 
Anti-integrin antibodies which inhibit cell-matrix in- 
teractions convert endothelial cells from a proliferative 
phenutype towards differentiation which results in en- 
hanced capillary tube formation. 



as plasminogen activator and collagenase and undergo tube 
formation and extension via EC proliferation (for review see 
Folkman and Handcnschild, 1980; Folkman, 1986). Thus, 
measurement of EC realignment, enzyme secretion, and cell 
proliferation are taken as indicators of EC differentiation and 
tube formation. Using such assays, it is clear that a number 
of factors including basic fibroblast growth factor, TGF-0, 
and tumor necrosis factor (Folkman and Klagsbrun, 1987) 
(termed angiogenic factors), can stimulate angiogenesis. In 
addition to the requirement for an angiogenic factor, in vitro 
capillary formation is also dependent on the correct matrix. 
Endothelial cells, plated on a two-dimensional matrix of 
ECM proteins or on plastic, form capillary tubes slowly (2-3 
wk) (Kubota et al.. 1988; Iruela-Arispe et ai., 1991). How- 
ever, when plated onto a gel of the ECM proteins, tubes form 
within 24 h (Kubota et al.. 1988). Isolated components of 
the ECM, such as collagen or fibrinogen, when gelled are 
also able to induce the formation of capillary tubes (Monte-. 
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saao et al., 1985). tn collagen and fibrin gels the process of 
capillary Formation is enhanced by the activation of the EC 
with the tumor promoter, PMA (Montesano and Orci, 1985; 
Montesano et al.. 1987). Thus, even in the presence of an 
angiogenic factor, and a permissive milieu, an additional sig- 
nal is required and this can be provided by PMA. 
- Cell surface molecules mediating adhesion to either 
neighboring cells or to substrates are likely to play a key role 
in angiogcncsis. The integrins are a family of cell surface 
molecules which mediate the attachment of cells to the ECM 
and to other ceils. At least 19 different cell-surface aj3 het- 
erodimers have been identified, some of which mediate 
adhesion to ECM proteins such as laminin, collagen, 
fibrinogen, and fibronectin (Ruoslahti and Pierschbacher, 
1987; Hynes, 1987; Albelda and Buck. 1990). EC express 
five of the sixj3, integrins (aij3u a : j3n coj3u asjSi. and a^3t) 
although there is some heterogeneity in the level of expres- 
sion depending on the source of the EC (Dcftlippi «■ al., 
\99\a). The major collagen receptor on EC .is aij3, (Al- 
belda et al.. 1989; Languino et al., 1989) which can also 
mediate binding to laminin (Kramer et al., 1990). EC also 
express cc$y which mediates adhesion to fibrinogen (Al- 
belda etaL, 1989; Cheresh and Spiro t 1987) as well as lami- 
nin (Kramer et al., 1990) and vitronectin (Cheresh and 
Spiro, 1987). 

We describe here for the first time that anti-integrin anti- 
bodies directed to the receptors mediating attachment to the 
tube-permissive matrices of collagen I and fibrin enhance 
capillary formation as measured by tube number, length, and 
thickness. Anti-integrin antibodies enhance tube thickness 
by increasing the number of cells, involved in lumen forma- 
tion. These results suggest that capillary tube formation is 
dependent on the interaction of EC with the ECM and that 
restriction of specific cell-matrix interactions can enhance 
the extent of capillary formation. 

Materials and Methods 
Endothelial Cells 

Human umbilical vein endothelial cells (Huvec) were isolated by col- 
lagenase treatment as described (Wall et al. , 1978): The-cells were cultured 
in 25 cm 2 gelatin (Eastman Kodak Co., Rochester, NY)-coated flasks 
(Custar Corp. . Cambridge. MA) in M199 with Earles Salts. 20 mM Hepes. 
20% FCS (Cytosystems. Sydney ). sodium bicarbonate. 2 mM glut amine, 
nonessential amino acids, sodium pyruvate, fungizone, penicillin, and gen- 
tamycin (HUVEC medium). Cells were grown at 37*C. 5% COi. Within 
2-4 d the HUVEC formed a confluent monolayer and were then harvested 
by trypsin-ECTTA treatment and transferred to a 75-cm* gel a tin -coaled 
flask. 50 ng/mJ of endothelial cell growth supplement (ECGS. Collabora- 
tive Research. Bedford. MA) and 50 ug/ml of heparin (Sigma Chem. Co.. 
St. Louis. MO) were added. Cells were passaged (1:2 split) every 3-4 d, 
and were used between passage Z and 6. Micruvessel EC (M VEC) were pre- 
pared frhm neonatal foreskins according to the method of Marks ct al. 
(1985). Cells were frozen in liquid nitrogen ai 1-2 x 10*/vial at passage 
2-6 and thawed as required. Cells were grown to confluence before use. 
Medium for growth and maintenance of these EC was Ml 99 with Earics 
Salts. 25 mM Hepes, 5U% human serum, sodium bicarbonate. 2 mM gluta- 
mine. fungizone, penicillin, streptomycin, 3.3 x 10~ 4 M cAMP, ECGS 
(50 jig/ml), and heparin (50 ;ig/mi). 

Collagen Gel Capillary Assay - 

Bovine Type I collagen (Celtrix Laboratories. Palo Alto. CA) gel was pre- 
pared by simultaneously raising the pH and the ionic strength of a collagen 
solution, using a modification (Greenburg and Hay. 1982) of the original 



meihod described by Elsdale and Bard (1972). Seven volumes of ice cold 
collagen solution U mg/ml) was mixed with 1 vol of 10 x concentrated PBS. 
pH 7.-. ;ind 2 vol of sodium bicarbonate (1 1.76 mg/ml) on ice. One hundred 
jil of the tnix'urc was aliquotcd into 96 well llai-buiiumed microti icr trays 
(Nunc. Roskildc. Denmark) and allowed to gel for 10-20 min at 3*7 °C. For 
more rigid cullagcn gels, the mixture was allowed to get for at least I h 
a; J7 U G. After gel formation, EC, which were removed from confluent 
monolayers by trypsin treatment, were plated down onto the gel at a concen- 
tration of 6.4 y I0 4 ceils/160 ul in HUVEC or MVEC medium with 
ECGS arid heparin. A* indicated 20 ng/ml PMA (Sigma Chem. Co.) was 
added to some wells. In some assays, as indicated, cells together with PMA 
were re«;uspended in the collagen before gelling (modification of method by 
Madri ct al/. 1988). 

Fibrin Get Capillary Assay 

Three dimensional fibrin gels were prepared as previously described by 
Montesano et al. (1985). One hundred pi of plasminogen free fibrinogen. 
3 mg/ml in PBS (Sigma Chem. Co.) was placed imo 96 well flat-bottomed 
microliter wells (Nunc) and clotted by the addition of 2 nl of I \J/m\ throm- 
bin (Parte Davis Pty Lrd.. Adelaide. Australia) in PBS. The mixture was 
allowed to gel for ~2 min at 37°C before addition of EC. Cell numbers and 
conditions were ihc sime as that described for the collagen gel assay. 

Quantification of Capillary Formation . 

Tube formation was assessed at several different tbcal plains through the gel. 
The extent of capillary tube formation was judged in relation to the amount 
of EC monolayer and to the number, width, and length uf the tubes formed. 
Based on these criieria values from + to +■ were assigned." Tube for- 

mation was also 4 ua mined from high power photographs. At least two pho- 
tographs from random fields from each microliter well (duplicate wells 
were set up for each group) were taken. Areas of the well were avoided 
where the meniscus gave a distortion of the optics. We defined tubes as 
straight cellular extensions joining l wo. ceil masses or branch points. The 
minimum width of tubes was measured and is given as the width. From the 
photographs, counts were made of the number, length, and width uf lubes. 

Proliferation Assay 

The mitogenic response of EC to different stimuli was measured using a 
spectrophotometry assay (Oliver et al.. 1989). Cells (5 x 10') were 
plated onto matrix-coated Hat-bottomed microliter trays (Nunc). 150 
ul/well in HUVEC medium either with or without ECGS, and heparin. Al- 
ter 3 d. medium was removed and the ceils fixed in 10% formal saline for 
30 min. One hundred ;il of methylene blue [\% wt/vol, in 0.01 M borate 
buffer, pH 8.5) was then added to each well, incubated for 30 min, the stain 
flicked off. and the cells washed 3-4 times in borate buffer. The dye was 
released by addition of etha.iul, 0.1 M HC1 solution (1:1) with a brief shak- 
ing. The optical density at 630 nm (OD630 nm) was then determined. The 
percentage proliferation was calculated based on the OD630 of the no anti- 
body control group normalized to 100%. Experiments showed that (here 
was a linear relationship between ihc OD630 nm and the increase in cell 
number and that as low as 10° cells/well could be detected. Similar results 
were obtained using lite methylene blue assay and the uptake uf [ ^thymi- 
dine (data not shown). 

Cell Attachment Assays 

Microliter plates were coaled wtth cither collagen \ (50 ttgfmi). gelatin 
(1%). or fibronectin (100 ^g/ml) for 30 min at room temperature. Fibrin- 
coated microliter wells were formed by thrombin treatment. (I U/niJ) of 
fibrinogen which had been previously added to wells. Wells were washed 
twice with PBS and 5 x 10° cells were added per well in 50 jd of HUVE 
medium without FCS. Plates were incubated at 37°C for the indicated limes 
and cell attachment quantifutcd using the methylene blue assay (as outline 
above). 

Collagenase Assay 

Measurement of active collagenase was performed according to ihe method 
of Nethery et al. (1986). Microliter wells were coated with 0.7 mg/ml colla- 
gen I solution (Collaborative Research Inc.). rinsed in water, and air dried. 
Cell supernatant* were treated with 0.5 mg/ml trypsin at 37°C followed by 
treatment with soybean trypsin inhibitor (Sigma Chem. Co.) al 5 mg/ml. 
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Coilagenase samples (CLS-l Worthington:Biochcm. Corp.. Freehold. NJ) 
were prepared at concentrations from I to 1,000 Mg/ml in assay buffer (50 
mM tris-HCl, 100 mM NaCI 10 mM Cadi. pH 7.5) and were used to 
generate a standard curve. One hundred u\ of samples and standards were 
then added to the collagen-coated microliter wells and incubated for 16 h 
at 37°C. The wells were washed and stained using 0.25% Coomassie blue 
R-250 (Biorad Libs.. NSW. Australia) for 25 minat room temperature. The 
stain was removed, wells washed in water, dried, and the absorbnnce at 590 
nm determined. The level of coilagenase present in the sample was inversely 
proportional to the optical density reading at 5 U 0 nm. The level of detection 
was 10 ng/ml. 

Monoclonal Antibodies 

RMACI I binds the a chain of the or:j3i integrin complex on endothelial 
cdk and fibroblasts and QE2E5 binds the Q\ chain (O'Connei ct al., 1991). 
Preclearing and immunoprecipitatiun experiments show that AK7 also 
recognizes the a chain of the au3i complex (Mazuniv ct al.. 1991). 
RMACI I (lgG2a). QE2-.E5 (lgG2b). and AK7 (IgGl) were purified from 
ascites fluid using a mAb Trap G Sepharose column (Pharmacia . LKB. 
NSW. Australia). Fab: fragments of RMACI I were prepared by pepsin 
digestion and Fab fragments by papain digestion of the IgG according to the 
method of Harlow and Lane (1988). P4C10, an IgGi antitxxly directed 
to the 0i integrin chain (Carter et al.. 1990) was kindly provided by Dr. 
W. G. Carter. Fred Hutchinson Cancer Research Center, Seattle. WA. An- 
other antibody. 61.2C4. has been shown to be directed to the 0, chain 
(Gamble. J. R-. and M. A. Vjdas. unpublished observation*). LM609 
and 13C2. both anti-c*vtfj antibodies, were kindly provided by Dr. David 
Chcrcsh. Scripps. La Jolla. CA and Dr. Michael Honon. Department of 
Haematology, St. Bartholomews Hospital. London, respectively. 



Analysis by Flow Cytometry 

EC were plated on collagen gels either in the presence or absence of PMA. 
24 h later, cells either as tubes or as a monolayer were extracted by treatment 
of the gels for 30 min in 2 mg/ml coilagenase al 37 e C. Cells were then 
trypsin-treated for 5 min to obtain single cell suspensions. Cells were 
stained with the appropriate antibodies for 30 min ai 37°C followed by a 
rabbit anti- mouse -FITC antibody for 30 min al 4°C. Ceils were washed 
three times in PBS and diluted in fixative (2 % glucose. S mM sodium azide. 
\% formaldehyde) before analysis on an Epics Profile Analyzer. Ten thou- 
sand cells were analyzed. 



I H 
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NIL RMACI 1 AK7 QE2E5 NIL RMACI I AK7 Q62E5 



Figure /. Ami-c^fr antibodies partially inhibit EC adhesion to 
collagen I and not to fibronectin. 5 x 10 3 EC in 50 u.1 of serum- 
free medium were added to microliter wells which had previously 
been coated with either collagen I (A) or fibronectin (B). The anti- 
bodies, as indicated, were added at a final concentration of 30 
u.g/ml. The plates were incubated at 37°C for 2 h. washed, and the 
number of attached ceils assessed by the methylene blue assay (as 
outlined under Proliferation Assay in Materials and Methods). The 
results were normalized where 100% adhesion is taken as the 
OD630 nm in wells without antibody. The results show the mean 
of triplicate wells for each group in one experiment representative 
of five similar experiments, p < 0.001 for groups with RMACI 1 and 
AK7 compared to.no antibody group on the collagen I matrix. 



Microscopy 

At 24 h after stimulation wilh PMA or PMA and RMACI I. culture medium 
was removed from the culture wells and replaced with 2% paraformalde- 
hyde. 2.5% glutaraldehyde in sterile PBS (pH 7.4). Cultures were fixed in 
this solution for 12 h al room temperature (20°C). After 12 h. fixative was 
washed out with PBS. at least 10 changes every 10 min. and the cultures 
posifixed for an additional 12 h in \% osmium tetroxide in PBS. The os- 
mium tetroxidc was washed from the cultures, at least 10 changes every 10 
min. Cultures were then dehydrated for three 20-min periods in each of a 
graded series of alcohol (70, 80. 95, and \Q0% ethanol in twice distilled 
water), and then for 60 min in each of two lOOSt eihanol washes. Cultures 
were transferred to vials containing 100% acetone. After three changes of 
acetone, each over I h. cultures were infiltrated overnight wiih a 1:1 mixture 
of acetone and epon-aralditc. The next day the acetone was allowed to 
evaporate off in a fume hood, cultures were placed in fresh epon-araldiie 
for ^6 h. and finally transferred to a mould in a 70°C oven to polymerize 
overnight. All procedures were carried out at room temperature. 

For light microscopic examination, sections were cut I pm thick with a 
dry glass knife using an LKB ultratome. The sections were, mounted on 
glass slides and stained with 1% toluidine blue in 1% borax. Sections were 
examined with a Leiiz Onhoplan microscope. When endothelial cells con- 
taining lumens were seen the block was trimmed for thin sectioning I.EM). 
For EM. thin sections of silver interference color were cut with a Swiss dia- 
mond knife (Diatome Ltd.. Fort Washington. PA), and picked up on clean 
uncoaicd 200-mcsh copper grids. Sections were stained for 5 min with 2% 
uranyl acetate in 50% ethanol. and for 5 min with lead citrate. Micrographs 
were taken on a Philip* 410 electron microscope at SO Kv. Magnifications 
were determined by means of a carbon grating replica. At boih the light mi- 
ca>scope level and the electron microscope level, serial sections up to 30 
each (I urn thick or silver interference colon were taken \:t establish thai 
the lumens were continuous (hmut:h the endothelial cell. 



Statistics 

Significance was determined by the A NOVA test for analysis of variance or 
by the unpaired t test. " ' 



Results 

Inhibition of Endothelial Cell Adhesion 
by Anti-lntegrin Antibodies 

Adhesion of HUVEC to a collagen I matrix was inhibited, 
' although only partially, by RMACI 1 and AK7 (Fig. 1 A) but 
the antibodies had no effect on HUVEC attachment to 
fibronectin (Fig. 1 B) or gelatin (data not shown). Cells did 
not attach to larninin in the absence of FCS. The antibody 
QE2E5 which binds to the f?i chain had no effect on the at- 
tachment of cells to any of the matrices tested. However, two 
other j3, specific antibodies, P4C10 and 612C4, almost to- 
tally inhibited HUVEC adhesion to collagen (and fibronec- 
tin) (data not shown). 

HUVEC Plated onto Collagen Gels Are Induced to 
Form Capillary Tubes 

EC, when plated onto a gel of collagen are induced to form 
a capillary network within the collagen gel in the presence 
of PMA (Fig. 2, fl and C) (Montesano et al., 1983; Mon- 
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Figur? EC plai^i ( in collagen \ gel in the present of PMA are 
induced to iorm capillary x EC/*-?*] :.a 360 ( k 

HtiVEC mediae either in ttw sfcMBcc t.1\ or of 20 

ng/rai PMA were plated onto a gui si" collagen J fanned in nuvix>i\- 
ter wel;*. The r t :M:Us w*re vUuaii^ed 24 h a tier ceil putting. C is 
a fcigh po^er photograph of group Paou^-ph? shwv represent a- 
live fields oi'one wdl oi du?;U;.::? wdU tor each a^jut?. Mst:- 

nific.s!.ttin 01} xoO, xt>0, and iO *'.U0 

tesano and Orel, Realignment of the EC, cell invasion 

into ihe geh and the beginning of call elongaLtor: are. evident 
••^8 h after plating of \ho cells cm* the geL ami tube forma- 
tion, was clearly visible by 12 h. Vsry little, if any, tube for- 
mation occurs in ooiiageti gel* m the absence of PMA or with 
addition of dimethyisuiphomc acid, used as a carrier for 
PMAf -he ceils are. maimame.d as a monolayer on top of the 
ge! and iiitic invasion into the gel in seen (Fig. 2 ; 4}. Tube 
formation was highly dependent on the concent .radon ol'eeiU 



pia-eo ora.o ihe eolWert eel. no u;bes heir," ob->rved **vh 
1^ rhsn ; - 2 X i*:v .::el!s.« A -n su&^mg that ceH-eeii con- 
tact hnpotliKH . 

AlUUvsU !jy F;M c .f H-C "24 ti.after r;Utii;i- on eoiktiiet: ^eis 
with the adriitis^.i of PMA showed the prm:nc- of i'acuole- 
afc* structures .similar io those described hv riorum aH 
Kauckasehihi tlS&» (Fig. 3 .-!). a contirinoii* ineirihraoe . 
smromide-: each vacuole which was cipher enjpry or tilled 
*-tb imK-rphotis material. Fusio-j of thexc vacuotes *im the 
plasma membrane was oeeusHmaliV observed. Scrail *e.c* 
horhr-g ;o >30 and visualization at the light microscopy 
level ?ho*ctl a co-itmuous; vaenoiahke ^niciufo con^rming 
thai these vv^re indeed lunsiiisi. At ;e«:<i bf ;dJ caib 

vi^-:yli>;-(j j.bowcd v:ii:noiii?^jon. Only the v*cc^iii>(!;il U:ir*en 
was ii»[(n^ t j fnv.n innlripk 'cells. 

C ■ 

Effect ofAfUi-CfHi&zen Receptor Antibodies 
on Capillary Formation 

EC were plated onto collagen gels iu ;he pre^encs of PMA 
w:tb increasing coaceutraiio::-, ^fantibvidid RMAvCi:!, AX 7, 
and QE? .H5. Capillary fonaation was asHc.^ed 24 h later. 
Fig. 4 shows the -capillar y :c-Si>i\ ibnriarion taki;^ pla^e ^v-di 
PMA aioni-:. No change in the- extent of tube ffjrV-atloii 
^en with the addition of (Pt^. 4 Bi. "Hov/ever. a 

r • ;< :■ re e. x tc r; s ? v<h cap t liar y i ve ■ work \vai; sec n in we 1 i s c*'»nta t n- 
ing RMACJ 1. The. rubas appeared longer and sviilot; atu! le^s 
ir:Ot3t>i;jyar was evident (Fig. 4 C). Similar results were ob- 
tained with AX A PIC-a and 6i2C4 and with HC derived 
frotn aeortiiCai ioreskins (data aoi $hovvn). Tlie ctnbancemem 
of uibs ibr^iution a ith RMACI l . .act PM A alone was clearly 
evidc!?? in f;be high power photographs (Fia. .S, .•*-•£■)• Tube 
ijumber. lertgth. ;itid width were quantified ho.n- hi^h power 
photographs and rcsui?s ftoix; \o\n :sep;-rate experiments * 
svere analyzed and pooled and are shown in F"i«. 6. The an!:- 
:iru;bo,jy RMACI i clearly enhanced the length (A). 
. width (/n. ;«!»! aiitnhet (C) of t»f>es. ■ ' * 

BM *hwecl thai: in ->ie presence of RMACI I, celhj vvere 
seen in iarger ag^iCHates sugyesting ccii-cell adhesion was 
promoted tnot shown). Furthermore, large? Untiina w-re evi- 
dent compared to PMA « f «>up only, the majority of which 
appeared io be ror«5cd Imm multiple cells ay shtiwn in Fig. 
3B. 1 t-fxirceiiuiar junctions arc clearly visible at die liM level 
and by analysis, of these junctions the lumen shown in Fig. 
3 /? is formed from nve FC. Analynis of thin sections silver 
imerfcee color 1 ; taken through gels showed that with PMA 
?:> ± 5.7% (mean z SEM ) of lamina were, farmed Iron] sin- 
gie ceils (i.e., intracelhdar lumen, 'Fig. 3 /IV The remahiina: 
liinsina we. re. formed irom tsvo or thre*: ceMs. iii cotttrasi. in* 
me prersence ofRMACi J ; S3 ± 7.4% orlumina were formed 
from tbrce or more ceils (values were obtained front four 
separate experitocnta with 50 lumen examined in each group 
i:a e.ich experiment}. Thus the increase in capillary tliickness 
apiveans k> be due to the coavers;o;i from intracellular to. r 
inukieenular lumina. 

Maximum level* of tube i*bnr : :itio!i vvere seen with 30 
^'ml RMACil. (Table L) bat sotnc enhancement over ihe 
level seen with PMA alone was normally observed with 
3 j;g'ml a MAC! i. Tube length, width, and number were as- 
sessed visually through dUTcrer.t local plains of the gel and 
assumed vaH-e* from to Tube length, wid'h, and 

number were aUo measured from high power photographs. 
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Figure X Formation of lumen- 
containing capillaries in colla- 
gen gels. EC in the presence 
. of 20 ng/ml PMA (A) or PMA 
and 30 ng/ml RMAC11 {B) 
were plated onto a collagen 
gel. 24 h later the cells were 
fixed, embedded in epon-aral- 
dite, and sectioned for EM. 
. Magnification {A) x .7490 and 
X4000. C collagen; L, 
lumen. Numbers 1-5 relate to 
cell junctions. 



As is seen in Table I T the two assessments for capillary for- 
mation showed a good correlation. Analysis of EC by flow 
cytometry showed that 30 jig/ml of RMAC11 fully saturated 
the a-Sx receptor binding sites (data not shown). With 



AK7, an enhancement of tube formation was also seen over 
the concentration range of 3-30 p%/ml However, the "ex- 
tent of enhancement was never as great as that seen with 
RMACll. 
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Figure 4; Anti-a^3i antibodies enhance capillary tube formation in 
collagen gels. EC were plated onto collagen gel in the presence of 
20 ng/ml PMA. To group B. QE2E5 was added at plating and to 
group C. RMACl 1 both at a final concentration of 30 ii^fvcA. 
Groups were assessed for tube formation 24 h later. Each photo- 
graph shows a representative Held taken from one well of duplicate 
wells set up for each group. Similar' results have been obtained more 
than 20 times using different EC lines. Magnification x60. 

The effect observed by R MAC 11 and AK7 is unlikely to 
be due to nonspecific effects via Fc receptor mediated events 
since Fab : fragments of RMACll exhibit a similar- en- 
hancement of tube formation as the whole Ig (data not 
shown). Furthermore, since Fab' fragments of RMACll 
were also able to enhance tube formation (data not shown), 
cross-linking of the antigen is also not likely to be responsi- 
ble for the enhancement. 

Pretreatment of the HUVEC with RMACl I or AK7 for 15 



min either at room temperature or 37°C followed by washine 
co remove unbound antibody, did not result in enhanced tube 
formation (data not shown). 

The enhancement of tube formation was dependent on ihe 
addition of RMACl I or.AK7 within the first 2 h of cell plat- 
ing, ff the antibodies were added after this, no enhancement 
of tube formation was evident (data not shown). 

Angiogenesis can also be induced in collagen gels in the 
presence of PMA by resuspending the cells within the geis 
rather than layering them on top of the gel (Madri et al., 
1988). Pretreatment of EC with PMA and RMACll before 
resuspension within the gel led to enhancement of tube for- 
mation over that seen with PMA alone (data not shown). 
Thus, the anti-a^, antibodies were able to enhance tube 
formation whether the EC contact collagen in a polarized 
■fashion or whether the cells are totally surrounded by the 
collagen matrix. 

Anti-QLiQi Antibodies Induce Capillary Tube Formation 
in Rigid Gels 

The ability of RMACl 1 and AK7 to enhance capillary tube 
formation was most strikingly evident when EC were plated 
onto rigid collagen gels formed after the collagen was gelled 
for I h at 37°C Even in the presence of PMA, very little, 
if any. tube formation is seen with these rigid gels and the 
cells maintain a flat cobblestone appearance on top of the 
gel. However, the addition of RMACl 1 (or AK7) with PMA 
overcomes the inhibitory effect caused by the rigidity of the 
gei; the ceils invade into the gel and capillary tubes and an 
anastomosing network are visible (Fig. 7, A-D) although not. 
to the same extent as is normally seen on less rigid gels. 
Measurements of tube numbers from random high power 
fields from five separate experiments on rigid gels each using 
a different HUVEC line were made. The mean tube number 
with PMA alone was 1.0 ± 0.4 (mean ±SEM) and with 
RMACl I was 39.2 ± 4.08 (p < 0.0005) clearly demonstrat- 
ing the promotional activity of RMACl I. One possibility for 
the antibodies enhancing the ability of the EC to breakdown 
and invade ihe.gei is by an increase in the synthesis of matrix- 
degrading enzymes such as collagenase. However, no change 
in the total level of active collagenase was observed either 
in normal gels or in rigid gels. The level of detection of col- 
lagenase by the assay used (see Materials and Methods) was 
10 ng/ml. In a representative experiment, the level of col- 
lagenase induced on collagen gels in the presence of 20 ng/ml 
PMA was 112 ± .5.9 and with PMA and RMACll 120 ± 
2.0 (mean ± SEM, n = 3). 

Effect ofAnti-oczp, Antibodies on EC Morphology 

As was shown in Fig. h the addition of RMACl I and AK7 
to HUVEC cultured on 2-D substrates of collagen, but not 
on gelatin or fibronectin, resulted in a decrease in the num- 
ber of cells attached when measured 2 h after plating. No 
differences were seen in the number of cells attached when 
measured at 4, 6. or 24 h after plating. On collagen gels, in 
the presence of QE2E5, the cells had become flattened and 
were beginning to adopt their characteristic cobblestone 
morphology (Fig. 8 A) when viewed 2 h after plating. In the 
presence of RMACll (or AK7). cells remained rounded 
(Fig. 8 B) for ~2-3 h after which time they flattened and 
no differences from control wells were seen. 
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Figure 5. High power photographs' of capillary tubes formed un cullagen gels in the presence of anti-imegrin antibodies. EC were plated 
onto collagen gel in microliter wells with 20 ng/ml PMA. A and B show one EC line T C and D another line, and E and F a third line. 
To one group {A, C. and £), 30 Mg/ml of QE2E5 was added and to the other group (fl, O. and F), 30 /ig/ml RMACIL Alt wells were 
incubated for 24 h. Each photograph shows a representative field taken from one well of duplicate wells set up for each group. Magnifica- 
tion x264. 



Anti-<x$x Antibodies Inhibit Endothelial 
Cell Proliferation 

Alterations in cell shape can' have profound effects on 
proliferation, and EC proliferation is essential for tube ex- 
tension although not required for initial sprouting (Sholley 
et al., 1984; Folkman, 1982). The proliferative response of 
HUVEC in the presence of RMACl I and AK7 was therefore 
measured. A decrease in EC proliferation in the presence of 
RMAC1I or AK7 was seen when the cells were plated on a 
2-D matrix of collagen. This was clearly seen with RMACl I 



when the assay was performed in the presence of either 20 
(data not shown) or 2% FCS (Fig. 9). AK7, induced a sig- 
nificant level of inhibition only when 2% FCS was used in 
the assays and this level of inhibition was less than that in- 
duced by RMACl 1 . The results in Fig. 9 have been normal- 
ized to the no antibody control. When the actual cell num- 
bers were counted in wells containing 30 jig/ml QE2E5, 
AK7, or RMACl I the increase in ceil numbers was 2.6, 2 A 
and L4-fold. respectively. These results clearly show that the 
ability of antibodies to inhibit proliferation appears to corre- 
late with enhancement of capillary formation. No inhibition 
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/^c/r* 6. Effect of RMACU 
on tube length (/im /(), width 
(firn B). and number (C) per 
high power field. EC were 
plated onto collagen gels in 
the presence of 20 ng/ml PMA. 
30 /ig/mi of RMAC11 was 
added to half the wells. Each 
group contained duplicate 
wells,24 h later the wells were 
photographed (magnification 
x264), random fields being 
taken for each well. From these 
' photographs, the number, 
length, and width of tubes were 
calculated. The pooled results 
from four separate experiments 
using, four different EC lines 
are shown for tube length and 
width (mean ± SEM). Each 
experiment showed a similar 
and significant increase with 
RMACI 1. In C, the tube num- 
bers for each experiment are 
shown together with the mean 
± SEM (a) for the four exper- 
iments. * p < 0.005 compared 
to PMA alone. 



of proliferation was seen with either antibody when the cells 
were plated onto fibronectin or gelatin (data not shown).. - 

PMA Does Not Alter Expression ofecfit 
on Endothelial Cells 

One possibility for the effect of anti-Q£ : £, antibodies on cap- 
illary tube formation in collagen gels is that PMA may alter 
the surface expression of the molecule. To investigate 
this,' HUVEC were plated onto collagen-coated microliter 
wells at numbers to give either a confluent monolayer (that 
is nonprotiferating) or a semiconfluent monolayer (that is to 
give a proliferating population) either in the presence or ab- 
sence of 20 ng/ml PMA. Huvec were also plated onto colla- 
gen gels, in the presence or absence of PMA. 24 h later, the 



Table I. Antibody RMACU Enhances Capillary Tube 
Formation in a Dose -dependent Manner 



Concentration of 

RMACU 

OiE/ml) 



Measurement of capillary tubes 
Number! field Length dun) Width ijim] 



Capillary tube 

formation 
(+ to + + + +) 



0 


7 


43.9 ± 2.4 


6.1 ±0.5 




0.3 


13 


• 46.5 ± 3.7 


7.6 ± 0.9 


+ * 


3 


33 


52.6 ± 5.4 


11.0 ± 1.6 


' + + + 


10 


50 


81.8 ± 8.0 


12.5 ± 0.8 


+ + + 


20 


87 


70.0 ± 4.5 


11.7 ± 0.9 


+ - + + ' 


30 


91 


75.4 ± 7.5 


11.0 ± 0.7 


"+ -r + + 



EC were plated onto a collagen gel in the presence of 20 ng/ml PMA together 
with varying concentrations of RMACI 1. Measurement of the number, length, 
and width of tubes was made from high power photographs taken at random 
from each well, the measurements for length and width are given as mean 
— SEM. The extent of capillary tube formation was at so assessed and is given 
as +. to * +. + +. based on the length, width, and number of capillary tubes. 
The results arc shown for one experiment which was similar to three per- 
formed, each with a different EC line. 



cells were detached from the microliter wells with trypsin 
or extracted from the gels with collagenase. The cells were 
stained with saturating concentrations of RMACI 1 followed 
by a .fluorescein-conjugated sheep anti-mouse Fab 2 anti- 
body. There was no difference in the mean channel fluores- 
cence between confluent and semiconfluent cells either in the 
presence or absence of PMA, or between tube forming or 
nonforming cells suggesting that PMA within this time 
period did not alter the level of surface expression of a : £ t 
on HUVEC. 

Anti-VnR Antibodies Enhance Capillary Formation 
in Fibrin Gels 

. Capillary tube formation also takes place in fibrin gels in the 
presence of PMA (Montesano ct al. , 1987). Adhesion of EC 
to fibrinogen is mediated through another integrin complex, 
the a A (or vitronectin receptor, VnR). To determine 
whether.tube formation in fibrin gels is enhanced in the pres- 
ence of. antibodies which' limit cell-matrix interactions, we 
used two antibodies (LM609 or 13C2) which are directed to 
the auftj complex and known to inhibit EC-fibrinogen adhe- 
sion (Cheresh and Spiro, 1987 and unpublished data). Fig. 
10 shows that a./3 5 is also involved in the adhesion of 
HUVEC to fibrin, since anti-a,fr, antibody (LM609) par- 
tially inhibits attachment of HUVEC to fibrin-coated plastic 
(A) but not to collagen (B). Similar results were obtained 
with 13C2 (data not shown). As seen in Fig. 11. tube forma- 
tion is enhanced in the presence of LM609 and similarly for 
13C2 (data not shown) although the level of rube formation 
was never as large as that seen in collagen with either 
RMACI 1 or AK7. Functional effects with LM609 were ob- 
served with concentrations as low as 3 jig/ml. In the initial 
1-2 h on fibrin gels, cells incubated with anti-a,& antibody 
remained rounded and failed to flatten compared to cells 
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Figure 7. Ami-integrin anti- 
bodies promote tube forma- 
tion in rigid collagen gels. 
EC were plated onto collagen 
which had been allowed to ge! 
for I h at 37 C C giving a more 
rigid gel than that obtained af- 
ter our normal gelling time of 
10-20 min. C and D are high 
powered.views of A and 3. re- 
spectively, 20 ng/ml of PMA 
was added to both groups, 30 
jig/ml of RiMACl 1 was added 
to B. Tube formation was as- 
sessed after 24 h. A and 5 
magnification x30; C and 
D magnification x3l0. Each 
is a representative field of one 
well of duplicate wells set up 
for each group. The experiment 
has been performed at least six 
times using different EC lines 
and using either RMACU or 
AK7 with similar results be- 
ing obtained. 




Figure S. Anti-integrin antibodies maintain EC in a rounded mor- 
phology and prevent cell spreading. EC were plated onto collagen 
I gels with 20 ng'mi PMA either in the presence of 30 pgml QE2E5 
iA) or 30 Mg/rnl RMAC11 (fl). The cells were viewed at U 2. 3. 
4. and 6 h after plating. These photographs, we re taken at 2 h after 
plating (magnification xi 10). Each shows a representative field of 
one well from duplicate wells set up for each group. The experi- 
ment has been performed on at least four separate EC lines with 
similar results. J 



(ANTIBODY] ug/ml 

Figure 9. Anii-a-j3i antibodies inhibit EC proliferation. EC were 
plated onto collagen I-coated microtitre wells at 5 x 10 3 cells/ 
well in HUVEC medium containing 2% PCS either "with QE2E5 
(•), RMAC1 1 (♦), or AK7 (■) at various concentrations. The 
cells were incubated for 3 d at 37° C, washed, fixed, stained with 
methylene blue, and the dye solubilized with ethanoi. Absorbance 
was read at 630 nm. The OD630 of wells with no antibody was 
taken to give' 100% proliferation. All other groups were normalized 
to this. The results show the mean ± SEM of four experiments 
where each point in each experiment was performed with six repli- 
cates. Groups containing RMACll and AK7 were significantly 
different (p < 0.0001) from groups containing QE2E5 (ANOVA test 
for significance). 
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NIL LM609 RMAC11 NIL LM609 RMAC1 1 



ANTIBODY 

Figure 10; Anti-a v j3^ antibody panialty inhibits EC adhesion to 
fibrin (A) but not to collagen (5). Ftbrin-coaied microliter wells 
were formed by thrombin cleavage of fibrinogen followed by two 
washes in medium containing FCS. Antibodies as indicated were 
added at a final concentration of 30 ngfmi to either fibrin {A) or 
collagen (£}-coated wells. The plates were incubated at 37°C for 
1 h. washed, and the .number of attached cells assayed as given for 
Fig. I. The results show the mean of triplicate wells for each group 
of one experiment representative of three experiments, p < 0.01 
compared to no antibody group on either matrix. 

without antibody. Sections vanalyzed by light microscopy 
showed details similar to that observed in collagen gels. With 
PMA alone, small lumen formed by intracellular vacuoliza- 
tion were seen. In the presence of LM609 or 13C2 there was 
"extensive cell-cell interactions and lumina were formed be- 
tween cells. Fig. 12 shows that in the presence of anti-o; Y /3) 
antibody, the length, width, and the number of tubes were 
increased over that seen with PMA alone. Analysis of thin 
sections showed that with PMA alone, the majority of lumen 
were formed from single intracellular lumen although lu- 
mina formed from two ceils were occasionally seen. In the 
presence of anti-a./J, antibody, the majority of .lumina 
(>70%) were formed from three cells with some lumina 
formed from four or five cells. The enhancement of tube for- 
mation seen with clS\ antibodies and with anti-a*/^ anti- 
bodies was specific for the matrix used; cti& x antibodies had 
no effect in fibrin gels and a.Qy antibody had no effect in 
collagen gels (data not shown). 

Discussion 

The central finding of this study is that and-integrin antibod- 



Figure //. Anti-atvfr antibody promotes capillary formation in 
fibrin gels. 6.4 x 10* EC/well were plated onto fibrin gels in the 
presence of 20 ng/ml PMA. The anti-av/3j antibody LM609 at a 
final concentration of 30 /ig/mi was added to group B. Cells were 
incubated overnight. A representative field of one well of duplicate 
wells in each group is shown (magnification x| 10). The experiment 
has been performed at least five times using a different EC tine for 
each experiment, all giving similar results. 

ies are able to enhance the formation of capillary tubes in 
vitro; Functional monoclonal antibodies directed to the major 
integrin receptors for the tube-permissive matrices of colla- 
gen and fibrin enhanced capillary tube formation increasing 
the number, length, as well as width. Ingber and Folkman 
(Ingber and Folkman, I989a,£-; Ingber, 1990, \99\a t b) pro- 
pose that changes in adhesivity (e.g., by altering the density 
of ECM molecules), and therefore in the ability of the matrix 
to resist cell tension, may result in alteration in cell function 
such as proliferation and differentiation. Thus the mechani- 
cal forces between cells and their environment will govern 
their behavior. Our results showing that anti-integrin anti- 
bodies, which block, adhesion, enhance tube formation sug- 
gest that angiogenesis may also be regulated by the adhe- 
sivity of EC for the matrix. The balance between cell and 
matrix adhesivity will clearly be important in determining 
the function of endothelial ceHs. 

In the presence of antibody (anti-u:j3 t and anti-a,/3 3 ). the 
first change observed was that the EC remained rounded, be- 
came Jess adhesive, and failed to spread when plated onto 
gels or 2-D matrices rather than adopting their normal cob- 
blestone, flattened morphology. It is known that alteration in 
cell shape can have profound effects on the function of many 
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No capillary tube formation is induced on collagen geis 
that are too rigid even in the presence .of PMA. The celU 
form a confluent monolayer and little or no invasion into the 
matrix takes place suggesting that EC differentiation was in- 
hibited by the rigid ECM. However, anti-a : £, antibody on 
rigid gels in the presence of PMA did induce. EC invasion 
into the gel and subsequent tube furmatiun. The cells in the 
presence of RMACl I were more rounded than with control 
antibody and failed to spread and flatten. A consequence of 
changes in cell shape, adhesion, and signaling may be an al- 
teration in the level of matrix degrading enzymes such as col- 
lagenase. However, we observed no change in the total col- 
lagenase produced by the EC in the presence of RMACl L 
One possibility to explain these results is that there is an al- 
teration in the site of collagenase release rather than an alter- 
ation in the overall level of production. Enzyme redistribu- 
tion has been demonstrated for urokinase plasminogen 
activator (uPA) after anti-fibronectin antibody binding to 
rabbit fibroblasts (Werb et aL, 1989). Thus, as a conse- 
quence of antibody-integrin binding (and perhaps integrin 
redistribution and change in cell shape) collagenase may be 
-redirected to specific localized areas resulting in enhanced 
cell motility and gel invasion. -In addition, since activation 
of collagenase can occur via cleavage by uPA measurement 
of uPA or its receptor may indicate altered, enzyme activity 
(Mignatti et al., 1991). 

Another possibility to explain the enhancement of tube 
formation by the antibodies, is that the binding of the anti- 
integrin antibodies to their antigen may simply limit the 
number of receptors available for cell -matrix interactions 
thereby resulting in enhanced motility of the cell within the 
matrix. Indeed, an alteration in the adhesivity of EC for 
different matrices via changes in the level of expression of 
the integrins, c* ( /3i and a v &, can be achieved by cytokines 
such as tumor necrosis factor and interferon-y (Defilippi et 
aL, 1 99 la, 6). The anti-integrin antibodies may also limit the 
number of focal contacts which can form an important func- 
tion mediated through the J3 subunit (Solowska ct aL , 1989), 
reducing adhesion, and enhancing the lateral mobility of the 
integrins within the cell memhrane. This lateral mobility of 
integrins is known to be important for cell movement (Du- 
band et aL, 1988). Alternately, the limitation in the available 
number of functional a ; 0i or molecules may redirect 
the cell to use other . integrin molecules. -It is interesting to 
note that RMACl 1 or AK7 cannot totally inhibit HUVEC 
binding to collagen. Anti-j3, antibodies farther inhibit this 
adhesion suggesting that other 0, integrins are involved. 
a t j3i and are able to mediate adhesion to collagen at 
least in some cells (Defilippi et aL, 199kz: Hemler et aL, 
1990). Whether these integrins can participate in angiogene- 
s is remains to be determined. The use of alternate matrix 
receptors may induce a different set of signals which in our 
system is manifested in enhanced capillary formation. Using 
chimeric constructs transfected into RD cells, Chan et aL 
(Chanet aL , 1992) have shown that the cy toplasmic domains 
of the integrin receptors can mediate different signals ir- 
respective of the ligand-binding event. 

Angiogenesis is clearly a complex event that can be regu- 
lated at multiple levels. In this paper we have demonstrated 
that the extent of capillary tube formation can be enhanced 
by the use of anti-integrin- antibodies specific for a given 
receptor-ligand system which inhibit cell-matrix adhesion. 



These antibodies have profound effects on cell shape, adhe- 
sion, proliferation, and subsequent cell differentiation. A 
corollary of the work presented here suggests that anti- 
integrin antibodies which promote cell adhesion to the ECM 
will actually inhibit in vitro angiogenesis. Thus regulation of 
angiogenesis may be mediated through alteration in the ma- 
trix (as has been shown previously), or as our results sug- 
gest, by alteration in the function of matrix-adhesion recep- 
tors un the EC. 
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Figure 12. Effect of LM609 on 
tube length (/xm. A), width 
(/im. B), and number (C) per 
high power field. EC were 
plated onto fibrin gels in the 
presence of 20 ng/ml PMA. 
and 30 n%/m\ LM609 was 
added to half the wells. 24 h 
later the wells were photo- 
graphed (magnification *264), 
random fields being taken for 
each well. The number length, 
and width of tubes were mea- 
sured from these photographs. 
The pooled results from two 
separate experiments are given 
for the length, width, and num- 
ber. * p < 0.05 compared to 



PMA PMA/LM609 . PMA PMA/LM609 PMA PUA/LM609 PMA alone. 



cells resulting in changes' to cell proliferation and differentia- 
tion (Folkman and Moscona, 1973). Gospodarowitz has 
reported that EC must become attached and flattened. in or- 
der to proliferate and that those kept rounded in suspension 
fail to divide (Gospodarowitz el al., 1978). Furthermore, 
there is a direct correlation between growth inhibition and 
decreases in cell extension (lngber et al., 1987). DNA, 
RNA. and protein synthesis in anchorage dependent fibro- 
blasts is also inhibited if these cells are maintained in suspen- 
sion (Ben-Ze'ev, 1980). Differentiation and expression of 
genes which reflect a more differentiated state of hepat oo- 
cytes, chondrocytes, fibroblasts, and endothelial cells are 
linked to cell shape and actin reorganization (Aggeler et aL, 
1984; DiPersioetal., 1991; Mallein-Gerin et al., 1991; lng- 
ber and Folkman. I989a,£; Ben-Ze'ev etal., 1988; Glowacki 
et al., 1983; Unemori and Werb, 1986; Werb et al., 1986). 
Ail these studies suggest that the mechanical interaction of 
cells with the ECM can regulate cell function. Since inte- 
grins interconnect the ECM with the cyto-skeleton, they are 
likely to be involved in the transmission of signals between 
the cell and its ECM. The biochemical signals (termed 
mechanotransducers) which are generated as a result of me- 
chanical forces or integrin activation arc unknown at present 
but phosphorylation (Kornberg etal., 1991), activation of the 
NaVH* exchanger (lngber, 1990), Ca** mobilization, and 
adenylate cyclase (for review see Watson, 1991; lngber, 
1 99 It) have been implicated. 

In the studies reported here, the decrease in the adhesion 
and change in cell shape of EC with anti-integrin antibodies, 
resulted in an inhibition in proliferation and in a promotion 
of differentiation as measured by capillary tube formation. 
These alterations in cell function were matrix specific, that 
is anti-of'j3, antibodies inhibited EC proliferation and en- 
hanced ceil differentiation only on a collagen but not on a 
fibrin gel, while anti-a,& showed effects on fibrin but not 
on collagen gels. Thus, the effect of anti-integrin antibodies 
on angiogenesis is ligand dependent. Furthermore, the anti- 
body mediated effects are time dependent. No enhancement 



of capillary formation was observed when the antibodies 
were added more than 2 h after cell plating, paralleling the 
time dependency seen with the antibodies on EC adhesion 
and cell shape. 

EM revealed striking qualitative changes in tubes with 
anti-integrin antibodies. In the absence of RMACll, the 
majority of lumina were formed within single ceils in a man- 
ner reported by Folkman and Haudenschild (1980). How- 
ever, with RMACll, the majority of lumina were formed 
from multiple cells with clear cellular borders between cells 
making up the vessel (Fig. 3 B). Using fibrin gels and anti- 
c*v03 antibodies, lumina were also formed from multiple 
ceils. Thus anti-integrin antibodies not only alter the degree 
of tube formation taking place but also influence the pheno- 
type of tubes. The relationship between intracellular and in : 
terceilular lumina is not known at present but one possibility 
is that intercellular lumen form from coalescence of intracel- 
lular vacuo! e-like structures with the plasma membrane and 
that these structures define stages in tube formation. Clearly, 
our in Yitro model of angiogenesis may allow a more detailed 
examination of the stages involved in capillary formation. 
. The enhancement of capillary tube formation with anti- 
integrin antibodies was dependent on the presence of PMA 
since the antibodies alone had no effect. Thus, one signal for 
tube formation is likely to be protein kinase C-dependent. 
indeed activators of protein kinase C inhibit the proliferation 
of EC in response to mitogens (Doctrow and Folkman, 
1987). One possibility for our results is that the antibodies 
enhance PMA-mediated signals. This, however, is unlikely 
since the antibodies do not enhance tube formation on an in- 
appropriate matrix. That is, anti-or : j3| antibody had no 
effect on fibrin gels, and anti-a A antibody had no effect on 
collagen gels even though tube formation can take place on 
these matrices. This data therefore suggests that the antibod- 
ies do not directly signal the cell to undergo tube formation. 
This is further supported by the fact that pretreatment of 
HUVEC with the antibodies and removal by washing does 
not result in. enhanced tube formation. 
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Abstract Current concepts in gene 
transfer and its application to the 
treatment of human genetic disor- 
ders, cancer, and other diseases are 
discussed. 

Gene therapy is a technique in 
which a functioning gene is inserted 
into a human cell to correct a genetic 
error or to introduce a new function 
to the cell. Many methods, including 
retroviral vectors, have been devel- 
" oped for ex vivo and in vivo gene 
insertion into cells. Some pharma- 
cists have likened gene therapy to a 
sophisticated form of drug, delivery 
and have envisioned an active role 
for the pharmacy profession. There 
are several safety and ethical issues 
related to manipulating the human 
genome that need to be understood. 
Current gene therapy efforts focus 
on gene insertion into somatic i. non- 



germinal) ceils only. 

- Gene therapy has the potential to 
revolutionize the treatment of ge- 
netic disorders, diseases associated 
with a genetic component (e.g.; cys- 
tic fibrosis), cancer, AIDS, and many 
uther diseases. Gene transfer may 
also be used to better understand 
the biology of disease processes, 
such as the source of relapse in bone 
marrow transplant patients. The hu- 
man genome project will undoubt- 
edly lead to* the identification, 
characterization, and understand- 
ing of genes that are responsible for 
many -human diseases, and gene 

- therapy trials are sure to expand ac- 
cordingly. 

' To date, over 40 clinical trials 
have been approved and more than 
llO patients have been entered in 
gene therapy studies. There arc still 



many technical obstacles to. over-, 
come before gene therapy can have 
widespread application. Injectable 
vectors need to be developed to sim- 
plify foreign gene administration. 
Perhaps the biggest problem to 
overcome will be engineering the 
target; cells to be able to regulate 
gene expression according to physi- 
ologic needs. 

Pharmacists should become 
knowledgeable about gene transfer 
techniques and possible clinical ap- 
plications of gene therapy to keep 
abreast of the newest trends in med- 
icine. 



Index terms: Gene therapy; Genetic 
engineering; Neoplasms; Research; 
Transfection 
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Recent advances in molecular biology and related dis- 
ciplines have contributed to major developments m the 
diagnosis and treatment of human disease. Numerous 
diagnostic products and biological therapies have been 
produced by recombinant DNA technology. Identifica- 
tion and cloning of genes involved in various human 
diseases have heralded the era of human gene therapy, a 
technique in which a functioning gene is inserted into a 
human cell to correct a genetic error or to introduce a 
new function to the cell. 1 Viruses such as murine retrovi- 
ruses, adenoviruses, herpes viruses, and parvoviruses 
are eairune wide use for introducing toreign genes into 
human cells.'- The ultimate success and utility or human 
gene therapy depend in large part on the ability of scien- 

Barry R- Coi-USImel, PHARM.D.. is Onculugy Clinical Phar- 
macy Specialist, Pharmacy Department, Warren ,C. 
Clinical Center (WCMCC), National Institute; of Health (NIH > 
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Pharm.D., BCPS. BCNSP, is Coordinator, Drug In foma .nn 
Service and Endocrinology Clinical Pharmacy Specialist^ har- 
macy Department, WCMCC, and Clinical Assistant Proressor. 
School of Pharmacy, University of Maryland. Baltimore. 



cists to elucidate the structure, function, and regulation 
of human genes. 1 The human genome project, an inter- 
national effort to map and sequence the entire genomes 
of man and several model organisms, will undoubtedly 
lead to the identification, characterization, and under- 
standing of genes that are responsible for many human, 
diseases:* 

Gene therapy has the potential to revolutionize the 
treatment of genetic disorders, diseases associated 
with a genetic component (e.g., cystic fibrosis), cancer, 
AIDS, and many other diseases. Gene transfer may 
also be used to better understand the biology of dis- 
ease processes. Some pharmacists have likened gene 
therapy to a sophisticated form of drug delivery and 

Addn-ss reprint requests to Dr. Green at the NIH Clinical 
Center. Pharmacy Department. Building 10, Room 1N-25/, 
Bethesiia.MD 20892. 
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tion Svstem; it qualifies fur 1.0 hour of continuing-educatiun 
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have envisioned an active roie for the pharmacy pro- 
fession. 5 Pharmacists, however, must understand the 
fundamentals of molecular biology if they are to keep 
pace with the rapid advances in gene therapy.. This 
^knowledge, integrated with expertise in pharmaco- 
therapy, will allow pharmacists to contribute to the 
development of gene therapy trials and the care of 
patients undergoing this form of treatment. This arti- 
cle will review basic mechanics of gene transfer and 
gene therapy, describe the potential applications of 
gene transfer and gene therapy to better understand- 
ing of disease biology, and summarize the ongoing 
clinical trials employing gene transfer and gene thera- 
py techniques. 

Gene Structure, Function, and Regulation 

A gene is a segment of DNA with a unique order of 
purine and pyrimidine bases that encode a specific 
protein (Figure I). It is estimated that the human ge- 
nome contains" 3 billion DNA base pairs or the equiva- 
lent of 50,000-100,000 genes divided among the 
chromosomes and the mitochondria/ Most genes from 
eukaryotic ceils contain coding sequences (exons) that 
are interrupted by one or more noncoding regions (in- 
trons)/ The regions adjacent to the introns and exons 
contain the initiation and termination sequences nec- 
essary to regulate messenger RNA (mRN A) -transcrip- 
tion. Several similar sequences are found in the 5' 
regions of many different genes, possibly indicating 
that these sequences play an important role in gene 
regulation/ ^ 

The flow of information from gene to protein prod- 
uct involves many complicated, highly coordinated 
processes (Figure 2). The template for protein synthe- 
sis, mRNA, is formed in the nucleus as a complemen- 



Rgure 1. Basic gene structure. A gene is a sequence of chro- 
mosomal DNA required to produce a funcrional RNA or polypeo- 
tide product. The basic gene structure consists of both the actual 
coding sequences (exons) and sequences necessary for prcper 
gene expression. The promoter region (P). located at the 5* 
terminus, includes the start ccdon and ;he sequences that ini- 
tiate messenger RNA s (mRNA) transcription. Very few genes exist 
as continuous coding sequences; most are interruDted by 
• noncoding sequences (introns). Transcription ot the exon re- 
' gions determines the resultant amino acid sequence. Introns are 
transcribed in the nucleus to RNA but are not part of :he cyto- 
piasmic mRNA and therefore not part of the final protein product. 
Beyond the stop codon. an untranslated region at the 3' terminus 
is responsible fo.- adrfing-.multiple polyadenbsine residues to the 
mRNA. 
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Reviews in the Clinical Frontiers section summarize recant 
research advances, such as those that contribute to an under- 
standing of a disease process or the mechanism of drug action, 
describe ne\o technologies or medical procedures that are likely 
to affect drug therapy, or describe likely new modes of drug 
therapy- Preference is given to articles that assess directions of 
ongoing research and critically evaluate therapeutic implica- 
tions in new or rapidly changing areas. 



tary copy of a single-strand portion of DNA through a 
process called transcription. The mRNA base sequence 
is then decoded to form a protein through a process 
known as translation. Ribosomal RNA is responsible 
for protein synthesis under the direction of transfer 
RNA, which provides the molecular link between the 
coded sequence of RNA and that of the protein. 6 

The genetic code is composed of 64 codons, which 
are sequences of three adjacent bases that specify a 
particular amino acid. Although up to three different 
codons can specify the same amino acid, the genetic 
code is considered universal because all organisms use 
the same codons. This fact explains why a simple bac- 
terium can translate a human gene into a polypeptide. 
Moreover, the DNA or RNA base sequence determines 
the amino acid sequence, and knowledge of the amino 
acid sequence can be used to deduce the possible DNA 
sequence that codes for the protein/ 

The complex regulation of end-product protein pro- 
duction (gene expression) is controlled by many fac- 
tors, including gene structure, transcription, transla- 
tion, gene product amount (gene dosage), and protein 
processing.'' For many genes, small fluctuations in the 
amount' of the gene product can turn gene expression 
on or off through feedback mechanisms. For other 
genes, even large fluctuations do not alter gene expres- 
sion. The clinicai manifestations of altered gene ex- 
pression can vary greatly as well. Some disorders can 
arise from small fluctuations in gene product expres- 
sion, whereas no clinical consequences may be appar- 
ent from large fluctuations in some gene products. ■ 

Determining where genes are located on the chro- 
mosome (mapping) and characterization of DNA re- 
quires generation of a sufficient quantity of DNA 
fragments. Portions of DNA containing a specific gene 
are removed from the chromosome by using enzymes 
that recognize specific base-pair sequences (restriction 
enzymes). The number of DNA fragments is then am- 
plified (increased) and cloned (duplicated) in prokary- 
otic cells (e.g., bacteria), in eukaryotic cells (e.g., yeast), 
or by using the polymerase chain reaction (PCR). PCR 
is an efficient and highly sensitive method that allows 
the in vitro synthesis of large amounts of a desired 
DNA sequence. In addition, many other powerful mo- 
lecular biology techniques have been developed to 
help researchers and clinicians identify the genetic link 
to human diseases. To learn more about molecular 
biology, the reader is referred to several recent review 
articles/- 10 
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Gene Delivery into Ceils 

Gene therapy requires introduction of foreign DNA 
sequences with stable integration, gene expression, 
and appropriate regulation in target tissues. The intro- 
duced gene can replace a missing gene or augment a 
defective one. For a gene to be expressed, it must first 
be delivered into the target cell. Once the gene is incor- 
porated into the cell nucleus, the cell can then produce 
the new or missing gene product. Theoretically, genes 
can be transferred into many different cell types. Ex- 
perimental techniques for delivering genes into hepa- 
tocytes, keratinocytes, fibroblasts, endothelial cells, 
epithelial cells, myocytes, and hematopoietic cells are 
available." 17 Most gene transfer experience- has been 
with hematopoietic cells, since bone marrow or blood 
is easy to obtain and handle. 13,18 In particular, lympho- 
cytes were used in "the initial gene therapy experi- 
ments for adenosine deaminase (ADA) deficiency and 
cancer. 19 Unfortunately, while bone marrow stem cells 
are self- renewing, lymphocytes have a. finite life cycle. 
Therefore, if lymphocytes are used as a cellular target 
for gene therapy, genes are expressed only as long as 
the lymphocyte lives. Thus, repeated infusions of 
gene-altered lymphocytes are required. 

The currently available techniques for transferring 
genes- into cells include both physical and viral meth- 



Comple'.ed polypeptide 



ods-. :i, ' :: Physical trnnsfection methods include micro- 
injection of DNA directly into cells, electrophoretic 
. transfer across cell membranes ( electro poration), co- 
precipitation with calcium phosphate, and fusion to 
liposomes or spheroplasls. Microinjection, although 
10-100% efficient, is limited in clinical practice by the 
number of cells that can be injected. With microinjec- 
tion, each individual cell would need to be" treated 
separately and since 10 8 to 10 g cells usually need to be 
treated, this method would not easily apply- to many 
clinical situations, including bone marrow .transplan- 
tation.*'-^ Other physical methods have limitations 
that make them less than optimal for current attempts 
at human gene therapy. Transfection and electropo ra- 
tion are inefficient; less than \ % of cells will have sta- 
ble DNA integration into their chromosomes with this 
method. Fusion methods, using spheroplasts devel- 
oped from bacteria after cell wall lysis or liposomes, 
involve attachment to the target cell membrane and 
then intracellular. DNA delivery. DNA has been direct- 
ly transferred to tumor cells via liposomes. 21 : * AK 
though stable integration of DNA in the tumor cells 
may not be possible using liposomes, it may not be 
required since transient expression may be sufficient 
to exert a biological effect. 

Viral vectors, primarily retroviruses, improve the 
efficiency of delivering genes into cells (Table l). 20 * 22 - 25 
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A vector is any material containing DNA or RNA that 
is used to carrv a gene into a cell. A viral vector pro- 
vides a means of inserting genetic information into the 
genome of host cells. The Moloney murine leukemia 
virus is the most commonly used retrovirus (Figure 3). 
To provide the necessary safer)'- factors, the retroviral 
vector is made replication-deficient (also referred to as 
replication^Ierective) by removing the encapsidation 
psi) gene sequences necessary for viral replication. 
The vector can still infect the cell, integrate into the 
target cell, and deliver genetic information to the nu- 
cleus, but it cannot replicate. Viral proteins can then be 
made by the use of retrovirus "packaging" cell lines 
(Figure 4). !i To accomplish this,, the vectors are first 
modified to include the new gene(s) as well as the 
mechanism to control gene expression. 

These genetically modified retroviruses have been 
used safely in humans for ex vivo gene therapy (Figure 
5) ui.172* Scientists can transduce large numbers of ceils 
by using this method. :cus Retroviral vectors provide an 
advantage over other vector systems because they can 
stablv insert a foreign gene into the host genome. This 
modification would then be passed on as the cell di- 
vides. Retroviral vectors provide a highly efficient 
means of gene transfer (up to 90%) into replicating 
cells and precisely integrate transferred genes into cel- 
lular DNA. 20,25 Other methods of gene transfer are not . 
as efficient as retroviral transduction and usually do 
not cause stable DNA integration into target cells, es- 
pecially primary somatic (nongerminal) cells.- How- 
ever, retroviral vectors do not integrate in nondividing 
ceils. 30 

Adenoviruses provide another viral vector for gene 
therapy. 20 --* 31 Although not studied as. extensively ?s 
retroviruses, they may play an important role in future 
gene therapy studies. After the genetic information 
controlling viral replication is removed from the ade- 
novirus, it can be suitable for gene therapy in a manner 



Table 1. 

Viral Vectors and Target Tissues 



Viral Vector 



Target Tissues 



Retrovirus 



. Adenovirus 



Adeno-associated 
virus 

Herpesvirus 



Parvovirus 
Simian virus 40 



Hematopoietic cells 
Hematopoietic stem ceils 
Rbro blasts 
Endothelial celts 
Myoblasts 

Smooth muscle cells 
Hepatocytes 
Airway epithelial cells 
Hepatocytes 

Hematopoietic cells (lymphoid, 

myeloid) 
Hematopoietic ceils 
Fibroblasts 
Epithelial cells 
Lymphoid cells 

Nondividing ceils (e.g.. differentiated 

neurons and hepatocytes) 
Central nervous system 
Smooth muscle cells 



similar to the retrovirus. However, adenoviral DNA 
functions in an e.xtrachrornosomai manner, rather than 
by insertion into the genome. Because of this, the ade- 
novirus should not cause malignant transformation 
(insertional mutagenesis or insertional oncogenesis). 
Unfortunately, the gene cannot be passed on to the 
progeny of the modified cell. Adenoviral vectors may 
cause transient high-level expression of genes in many 
cell types and could be useful in short-term gene thera- 
py. The major advantages for using adenoviral vectors 
are that they are suitable for infecting tissues in situ, 
especially the lung, and they can be made at high titers 
(10"-10 i: plaque- forming units/mL), thereby allowing 
for high-efficiency transduction. Cells in the lung pro- 
liferate slowly and many are terminally differentiated, 
making them less susceptible to retroviral vector trans- 
duction. One example of the current use of an adenovi- 
ral vector is to deliver a human cystic fibrosis trans- 
membrane conductance regulator gene by intratrache- 
al instillation to airway epithelial cells. 32 -" 

The herpes simplex virus (HSV) is another viral vec- 
tor with a natural affinity (fcropism) for nondividing 
tissue. This virus is neurotropic and may be suitable 



Figure 3. Retroviral gene structure. The Moloney murine leuke- 
mia virus is an attractive starting point to produce retroviral 
vectors with substitu-ed gene sequences of interest because the 
gag. poi. and env regions can be deleted and the virus can still 
enter a ceil and integrate its genetic material without being abfe 
to reproduce. Dual-cene (or nvJtlply-subsiituted) vectors can be 
produced by inserting the appropriate promoter sequence be- 
fore each adcitior.al gene. The LNL6 NeoR retroviral vector is a 
highly modified version of previous NeoR vectors ro enhance 
safety: a stop codon (TAG) replaces the start codon. and murine 
sarcoma virus sequences (hatched regions) replace some 
Moloney virus sequences. LTR = long-terminal repeat, m/ {psi) - 
encapsidation sequence, ' gag = vira ; structural -protein se- 
quences, pol = viral enzymes (including reverse transcriptase) 
sequence, env = viral enveloce-orotein region, P = gene pro- 
moter. TAG = thymioine-adenine-guanine stop codon triplet, 
NeoR = gene that conlers resistance to the neomycin analogue 
G418. (From Cornetta K. Safety aspects of gene therapy. Br J 
Haematol. .1992; 80:421-6. Aoapted with permission of Blackwell 
Scientific Publications Ltd.) 

Moloney Murine Leukemia Virus 
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Figure 4. Gene insertion usi-c rercvirai vectors and oac*acny ce ! l lines A. pacogmg ce I ire is used ?c orcduce -ecHca::on-deficient 
re'rovira. vectcrs. Lacking the"y icsi) viral encaosioa: on seaje~ca. the packaging cell ine ca-nc: incorporate th9 virai genome mco me 
vrfon and produces an emory vira' part e e. !f ;h s ceil i.r.e is iron trar.sfected with a w-po3i;ive ge-e ("cONA secer-ce), the virai genome 
is preferentially packaged in;o ;he particles (rro-n Ccrnetta K Safely aspec;s cf gee :r.eracy. Br J Haematol. 1992. 30:^2 1-6. Adapted 
wir permission of Blac'xwell Scientific- P-biications Ltd ; 
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Figure 5. Ex vivo gene therapy in humans. (From Valle D. Treatment of genetic; disease: current status anct prospects for the future. 
Semin Perlnatol 199V -5[Suppl 1]:52-6. Adapted with permission.) 
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for diseases uf the central nervous system.- 14 A unique 
characteristic of HSV that may offer advantages for 
future gene therapy applications is that there is space 
available to accommodate larger and more complex 
gene arrangements than adenoviral and retroviral vec- 
tors." HSV has not been used as a vector system in 
human studies yet. 
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The parvovirus, an adeno-associated virus (AAV) 
that is nonpathogenic and replication-defective, is be- 
ing studied as a gene vector.- It has a broad range of 
possible hosts and can integrate into a specific site in 
its host's DNA, thus minimizing the risk of insertional 
mutagenesis. If necessary, introduced sequences may 
be removed by using a helper virus. The ability of the 
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AAV to enter latency is attractive for AAV vector de- 
velopment. 

Potential Target Tissues 

Although many types of tissue would theoretically 
be appropriate targets tor correction of genetic defects, 
placing a normal gene into diseased tissues depends 
on several factors, including the proliferative state of 
the tissue, its accessibility to gene manipulation, the 
normal site of gene expression, the presence of cofac- 
tors, and the reversibility of tissue damage. Hemato- 
poietic cells are favored since there are well-developed 
procedures for bone marrow transplantation (BMT), 
several hematopoietic cell types, wide distribution of 
hematopoietic cells, and a variety of severe diseases 
affecting hematopoietic cells. 10 " 

For many genetic therapies, the long-term, repopu- 
lating pluripotent hematopoietic stem cell is the ideal 
target for gene transfer. !8J5J * Because of its extensive 
self-renewing capacity, a lasting genetic modification 
of the hematopoietic system can be accomplished by 
gene transfer. 11 *- 1 * Unfortunately, the hematopoietic 
stem cell is present in low concentrations, so many 
current gene therapy efforts target more differentiated 
hematopoietic cells, such as lymphocytes.' 5 However, 
recent advances have made gene transfer into hemato- 
poietic stems cells possible, and current- research ef- 
forts are under way to make this approach more 
feasible. 1 *--- 1 * ' ' " 

The liver is also an attractive target to correct the 
many genetic disorders associated with inborn errors 
of metabolism. 11 -^-'* The liver has a.blood supply that 
can be isolated for gene delivery and then used to 
distribute the gene product. While the hepatocyte does 
not proliferate to the extent that other target tissues for 
gene therapy (e.g., lymphocytes) do,-it undergoes suf- 
. ficient divisions to allow a 3-30% transduction 
rate. 21 ""- 3 * Furthermore, hepatocytes can be removed 
by partial liver resection, grown in tissue culture, and 
then returned via the hepatic artery. While in culture, 
they can be transduced with recombinant retroviral 
vectors where, as has been demonstrated, a functional 
defect can be repaired.' 5 Moreover, there are a number 
of diseases that result from hepatic deficiency states. It 
maybe possible to cure a genetic disorder by supple- 
menting the liver with a gene that is deficient in spe- 
cific disease states. There is interest in the potential 
application of gene therapy in antitrypsin deficiency, a 
common hepatic deficiency state that leads to early- 
onset lung disease. 2 - 13 

Many metabolic, exocrine, autocrine, and nutritional 
disorders maybe treated in the future by gene therapy- 
targeting the intestines. Preliminary evidence suggests 
that intestinal tissue can be transduced by exposure to 
adenoviral vectors. Other potential targets for gene 
therapy in' the gastrointestinal tract include the bile 
duct, pancreatic cells, and other secretory cells. 3 - 

Investigators have transferred the gene encoding tis- 
sue plasminogen activator (TP A) into endothelial ceils 



via retroviral vectors. The genetically modified endo- 
thelial cells will then express TP A. Although a system- 
ic anticoagulant effect would not be expected from this 
production, local concentrations of TPA could pro- 
duce a thrombolytic environment and reduce throm- 
bosis.* 

Most investigators agree that protocols modifying 
somatic tissues, as described above, are an ethical ther- 
apeutic option. However, controversy still exists as to 
the ethics of using germ cells (e.g., sperm or eggs) for 
gene therapy. Future generations could be damaged if 
the germ line is manipulated. Much is still not known 
about this- type of therapy. Long-term adverse effects 
may occur if genetic information in patients' germinal 
cells is altered. Therefore, before gene therapy in hu- 
man germ cells is considered, more experience is nec- 
essary in animal models. 4 *' 

Although preliminary research indicates promise in 
many of the previously described tissues, formidable 
obstacles need to be overcome before we see routine 
use of gene therapy in human disease. In the future, it 
may be possible to use gene therapy in a- variety of cell 
types as a means of creating customized, localized, 
drug delivery systems in patients by producing drugs 
targeted at specific disease processes. 

Disease Candidates for Gene Therapy 

As scientists make progress in gene transfer tech- 
niques and uncover more details of the human ge- 
nome, the list of .potential applications of gene therapy 
will grow (Table 2). Ethical and scientific consider- 
ations are important when choosing initial candidates 
for gene therapy. At first, clinicians considered severe 
.genetic diseases with a predictable phenotype and 



Table 2. 

Potential Disease Candidates tor Gene Therapy 

Genetic diseases or disorders with associated genetic 
component 

SCID 3 with adenosine deaminase deficiency 
FamiOal hypercholesterolemia 
■Hemophilia 
Cystic fibrosis 
Antitrypsin deticiency 
Chronic granulomatous disease 
Gaucher' s disease type I 
Mucopolysaccharidosis • - 

Emphysema , 
Phenylketonuria 
Ammoniemia 
Muscular dystrophy 
1 Thalassemia 
Sickle cell anemia 
Argininosuccinicaciduria 
Citrultinemia 

Purine-nucleoside phospnoryfase deficiency 
Cancer 

Nongenetic, nonmalignant diseases 

Acquired immunodeficiency syndrome ■ 
Cardio vascular disease 

*SOD severe combined immunodeficiency. 
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limitations in current therapy that justified experimen- 
tal approaches. The basic categories of disorders in 
which gene therapy will be used are (1) diseases 
caused by a missing or defective gene, (2) cancer, and 

(3) ~nongenetic, nonmalignant diseases such as AIDS. 
To correct genetic disorders using the current gene 

transfer systems, several biological criteria should be 
met: (1) the disease is genetically recessive, (2). the 
defective gene has been identified and cloned, (3) pre- 
cise regulation of gene product is not required, and 

(4) target cells can be manipulated after removal from 
the body and safely returned to the patient. 1 - 2 Further- 
more, cells containing the corrected gene(s) should 
have a selective survival advantage over uncorrected 
cells. Without the survival advantage, remaining un- 
treated cells would dilute the beneficial effects of the 
genetically corrected cells. Recent advances in recom- 
binant DNA technology, which make isolation of 
many genes possible, and new insights into gene regu- 
lation mechanisms make meeting these biological re- 
quirements feasible. 

At present, the most suitable genetic disorders meet- 
ing these criteria are those affecting the hematopoietic 
system. This is because a suitable method for reintro- 
ducing genetically altered cells already exists through 
BMT. In general, BMT is successful in diseases in 
which (1) the defect causes a complete or partial lack of 
functioning cells in a particular cell line, (2> there is' 
defective enzyme synthesis, or (3) there is a defective 
transport molecule. These situations could be correct- 
ed by replacing the defective gene with its cloned 
functional equivalent. This approach is successful in 
treating hematopoietic disorders like severe combined 
immunodeficiency due to ADA deficiency . 41 -- 42 Gene 
therapy may prove more difficult in disorders that 
involve complex gene regulation (e.g., diabetes meili- 
tus) or where the disease is manifested in relatively 
inaccessible body tissues, such as the bone matrix- or 
the central nervous system (CMS). With current tech- 
nology, genes cannot be supplied through hematopoi- 
etic pathways to many other tissues, such as muscle, 
visceral organs, or neurons; and alternative gene deliv- 
ery pathways are necessary. CMS disease may prove to 
be particularly difficult to treat. In the CNS, only a 
relatively small number of diseases may be correctable 
with currently anticipated technologies. When a gene 
deficit results in a toxic product, early developmental 
failure caused by accumulation of toxic metabolites in 
the CNS may be irreversible. Damage to neurons may 
also result from physical damage induced by gene 
insertion (i.e., an immune response to a herpes vector). 
For these reasons, gene therapy of many CNS diseases 
may need to take place in the fetus or newborn before 
irreversible damage occurs and where the blood-brain 
barrier may be more permeable to treated cells. 

Gene therapy is usually thought of as a technique for 
inserting a functioning gene into cells of a patient to 
correct an inborn genetic defect. 1 Gene therapy for 
malignant disease, for the most part, consists of insert- 
ing a gene into a cell to provide a new function for the 



cell. Newer approaches are targeting the genetic basis 
for many malignancies by introducing missing tumor 
suppressor genes or inactivating oncogenes. 0 Current 
approaches to gene therapy for cancer involve gene 
transfer into immune cells to modify and enhance im- 
mune cell functions, modifying tumor cells to stimu- 
late the immune response, inserting genes to make 
cancer cells sensitive to certain drugs (e.g., ganciclovir 
sodium); and using gene transfer for marking or en- 
hancing transplanted bone marrow for treatment of 
lymphoid tumors. 4 * 1 .Also, genetic marking of autolo- 
gous bone marrow cells used for transplantation pro- 
vides a way to determine if the transplanted (reinfused) 
cells are the cause of posttransplant relapse. Conse- 
quently, new ways of reducing residual disease before 
removal of bone marrow or more rigorous marrow 
purging could be evaluated. 

The gene encoding bacterial neomycin phospho- 
transferase (usually referred to as the NeoR gene) has 
been successfully used in gene-marking studies.* 5 
Cells that produce neomycin phosphotransferase are 
resistant to the neomycin analogue G418 and can be 
distinguished from cells that do not express this en- 
zyme. Insertion of the gene NeoK into tumor-infiltrat- 
ing lymphocytes (TIL) demonstrated that the gene 
could be inserted and .expressed in human TIL and 
that the marked cells could be detected in blood and 
tumor samples. 45 Studies done in a limited number of 
patients have now shown that these gene-modified 
cells can be detected for up to six months in blood and 
two months in tumor after cell infusion. * s The^NeoR 
gene is also being inserted into bone marrow cells used 
in BMT genc-marking studies. 

Gene therapy has been proposed as a treatment for 
AIDS. Better understanding of modes of transmission 
and molecular mechanisms of. human immunodefi- 
ciency virus (HIV) replication has yielded creative ap- 
proaches to therapy. Gene transfer protocols have 
been designed to protect modified cells by blocking 
viral infection or by interfering with HIV gene expres- 
sion. Investigators are searching for ways to protect T 
lymphocytes, the primary target of HIV, from infec- 
tion. Protection of even a small proportion of T cells 
may salvage immune function in affected individuals 
and allow normal immune mechanisms to prevent fur- 
ther viral spread. 4 ** 

Ultimately, investigators will have to look at practi- 
cal issues to determine which current gene therapy 
.strategies will address realistic clinical goals. Further 
research with viral vectors is needed to achieve both 
efficient gene transfer into target cell populations and 
stable expression of foreign gene products in clinically 
useful concentrations. 

Safety of Gene Manipulation 

Importance of Assessment. Safety assessment is 
important with any new technology, but it is especial- 
ly important for gene therapy studies, where, in some 
cases, retroviruses are intentionally introduced. All 
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clinical studies involving gene transfer in human sub- 
jects are assessed by local institutional and national 
review committees. The local institutional review 
board evaluates che scientific- and ethical merit of the 
study, and the institutional biosafety committee re- 
views the recombinant DNA aspects. In addition, all 
gene therapy protocols supported by U.S. government 
funds were initially reviewed by both the Human 
Gene Therapy Subcommittee (HGTS) of the Recombi- 
nant DNA Advisory Committee (RAC) and then sepa- 
rately by the RAC itself. Once gene therapy trials 
began and experience was gained, the need for this 
dual review by. the HGTS and the RAC was ques- 
tioned and the HGTS was subsequently dissolved; 
now, only the RAC review is required. The RAC acts 
in an advisory capacity to the director of the National 
Institutes of Health (NIH; Bethesda, MD), who ulti- 
mately grants final approval. For example, the first 
gene transfer study underwent 15 separate reviews 
before final approval was granted in January 198V. 
Most recently, the RAC has adopted a procedure for 
the compassionate use of gene therapy.*"" 4 '" 

During its existence, the HGTS produced a "Points 
To Consider" document to guide researchers in seek- 
ing approval for gene therapy studies. 5 '* Several points 
contained in this document deal directly with safety 
issues. These concern the need for special precautions 
to prevent the spread of the recombinant DNA, to 
reduce any potential hazards to persons other than the 
person being treated, and to explain and provide labo- 
ratory evidence regarding the potential harmful ef- 
fects" of the gene transfer (i.e., development of 
neoplasms, harmful mutations, regeneration of infec- 
tious particles, or an immune response). Tn consider- 
ing retro viral-media ted gene transfer, the first safety 
point deals with the construction of a safe viral vector 
system. Often, this point forms the basis for most of 
the questions posed during the RAC review to investi- 
gators who want to perform gene transfer studies in 
humans. The investigators must demonstrate that they 
have considered all potential consequences of their 
study. The investigators must consider the potential 
for gene insertion into reproductive ceils (e.g., sperm 
or eggs) and address the concern for retroviral infec- 
tion of people other than the patient, including health 
care workers and family members/' FDA has pro- 
duced a similar "Points To Consider" document that 
establishes the guidelines by which the Center for Bio- 
logics Evaluation and Research evaluates gene therapy 
. studies."- 55 

Tn the safety assessment of any gene therapy proto- 
col using retroviral vectors, concern about potential 
harm to the patient, family, health care providers, and 
the general public needs to be' addressed. Potential 
patient harm can include an increased risk of cancer 
and exposure to replication-competent retroviruses 
through recombination. Risks to those who come in 
close contact with the patient, such as family or health 
care providers, can include infection from infectious 
viral particles. The potential harm to the general popu- 



lation includes the possible production of a new and 
infectious virus and the possible evolutionary effects 

" of inadvertent retroviral infection of the germ line. 54 

Retroviral-Mediated Gene Transfer. Since most 
concern focuses on the most commonly used gene 
transfer system — retroviral vectors — it is important to 
understand the potential safety issues surrounding 
retroviral-mediated gene transfer. 55 * 37 These include (1) 
contamination with replication-competent virus, (2) 
contamination with pathogens or toxins, (3) potential 
problems associated with gene insertion into the host 
genome, and (4) specific problems related to the meth- 
od by which the gene-altered cells are administered - 
(e.g., hepatectomy) or the intended gene product (e.g., 
interleukin-2). 

The most critical issue in the development of retro- 
viral-mediated gene transfer was the assurance that 
replication-competent viruses would not be produced. 

■ The retroviral vectors are constructed lacking the gag, 
pal, and enz> gene sequences necessary for replication. 
Virion packaging is accomplished by using "packag- 
ing cell lines" rather than potentially infectious helper 
viruses. lb Initially, these packaging cell lines were pro- 
duced with a psi gene sequence deletion. It was soon 
learned that these cell lines can "develop replication- 
competent virus through recombination of the psi se- 
quence from the vector with the ^/-negative helper 
virus. Newer packaging cell lines have been devel--. 
oped that lack both die psi gene sequence and parts of 
the long-terminal repeats at the- 5' and 3* terming thus 
necessitating two recombination events to produce a 
replication-competent virus. In addition, vectors have 
been produced that replace the codon for starting gag 
gene transcription with a codon for stopping tran- 
scription. Researchers have also used vectors with 
substituted sequences from viruses that are not struc- 
turally homologous to the helper virus to minimize 
the frequency of recombination. Further modifications 
of the retroviral vector and the packaging cell line 
have produced systems that require three separate re- 
combination events, thereby greatly reducing the 
chance of producing a replication-competent virus:" -57 
More importantly though, no problems associated 
with replication-competent virus have been reported 
in the more than 110 patients treated in gene therapy 
trials to date. 

Original observations suggested that murine retro- 
viruses capable of replicating in the cells of other spe- 
cies in addition to the original host (amphotropic 
retroviruses) proliferate poorly in primates, suggest- 
ing that if replication-competent helper virus infection 
did occur, the clinical consequences would be minimal 
or nonexistent. Recently, however, Donahue et al. SH 
reported the rapid occurrence of T-cell lymphoma in 
three profoundly imrnunosuppressed monkeys inten- 
tionally exposed to replication-competent helper virus 
used in the supernatant for a gene transfer experiment. 
The monkeys were given fluorouracil and their bone 
marrow was harvested, then they were irradiated and 
the bone marrow transplanted. PCR analysis clearly 



Vol 12 Jul 1993 Clinical Pharmacy 495 



Clinical Frontiers Human gene therapy 



showed that the malignant cells contained sequences 
homologous with the helper virus and did not contain 
sequences Prom the retroviral vector. This observation 
stresses the importance of using supernatant that is 
free from replication-competent helper virus for hu- 
man gene therapy studies. Given the unique circum- 
stances surrounding this report, the current packaging 
systems and assay methods still appear to be safe for 
human use, although improvements in both would be 
beneficial.-" 

. .Although precautions are taken to use the safest 
retroviral vectors and packaging cell lines available, 
there is still the chance that replication-competent vi- 
rus can be transferred to the human genome. Re- 
searchers' have developed sensitive tests to detect 
virus contamination. These tests include viral amplifi- 
cation in receptive (permissive) cells, which is 10-1000 
times more sensitive than currently used S VL" biolog- 
ic or reverse-transcriptase assays, and the most sensi- 
tive test, PCR, which can detect one infected helper 
virus out of 100,000 transduced cells. 5 *"* Before intro- 
duction of the transduced cells into the patient, stan- 
dard FDA tests for contamination are performed on 
the producer ceil line, the viral supernatant, and the 

. transduced cells themselves. This minimizes the po- 
tential for infecting the patient with other pathogens 
or toxins. ?2 -- 

There are several additional concerns relating to for- 
eign gene integration into the host genome. Retrovi- 
ruses and retroviral vectors insert randomly into the 
chromosomes with a possible preference for transcrip- 
tionally active regions. 55 * 5 * The potential problems that 
may result from this insertion are related to the inser- 
tion position and normal function of the original cellu- 
lar gene. If the retrovirus integrates into a control or 
coding sequence, or possibly even into untranslated, 
untranscribed, or intervening sequences of an essential 
gene, it may cause inactivation or disruption of that 
gene's normal regulation. These alterations may result 
in no effect, individual cell death, or malignant trans- 
formarion. ,MT 

The most important concern is that retrovirus inser- 
tion may activate a proto-oncogene or inactivate a tu- 
mor suppressor gene, resulting in malignant transfor- 
mation. The probability of malignant transformation is 
related to the number of cells infected, the number of 
integrations per cell, the presence of proto-oncogenes, 
the role of suppressor genes, the number of cellular 
changes required to cause malignancy, the virus's nat- 
ural tropism for host cells, environmental factors, and 
the efficiency by which these insertions operate. It is 
estimated that as many as 10 separate factors may be 
involved in the development of certain malignan- 
cies.^-^Thus, retroviral-mediated gene transfer, which 
in some cases is designed to insert only one vector per 
cell, will have a very low probability of causing all of 
the cellular changes needed to induce malignant trans- 
formation.'*- 57 ^ 

It is known, however, that certain human retrovirus- 
es' can produce malignancies such as T-cell lymphoma 
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or AIDS. The absolute risk of cancer development with 
murine retroviruses or murinc-derived retroviral gene 
transfer to humans is very low, but it cannot be accu- 
rately determined until more experience is gathered 
by using these techniques. Also* there is a risk for 
secondary malignancy development when radiation 
therapy or many chemotherapeutic agents (e.g., alky- 
lating.agents) are used for treating cancer. Whether the 
risk for secondary malignancy is any higher (if it exists 
at all) with retro viral -media ted gene transfer is yet to 
be determined. No evidence of malignant transforma- 
tion has been seen in any of the humans treated since 
gene transfer trials began in 1989. 10 

Toxicities of Concurrent Therapies. The potential 
toxicities associated with other biological agents given 
to support the growth of the gene-altered cells should 
also be considered. For instance, if the transduced cells 
need to be given in the presence of aldesleukin (recom- 
binant human interleukin-2), then consideration must 
bo given to the potential combined toxicities related to 
aldesleukin and the gene product. Likewise, if the 
gene-altered ceils are to be returned to the patient 
through BMT„ then the adverse effects associated with 
the high-dose antineoplastic preparative regimen giv- 
en before BMT should also be addressed. Consider- 
ation must also be given to the potential toxicities of 
the intended gene product. For example, if the gene for 
tumor necrosis factor (TNF) is being introduced into a 
'lymphocyte, consideration must be -given to potential 
systemic TNF toxicities, even if the therapy is intended 
to be localized. 5 ' ^ 

in the first government-approved trial in humans, 
the NeoR gene, which has no intrinsic therapeutic 
properties, was used as a marker to identify trans- 
duced cells to demonstrate the safety and feasibility of 
ex vivo retroviral-mediated gene transfer. In this 
study, 10 patients with malignant melanoma were 
treated with NeoR-transduced TIL. As in prior TIL 
studies, aldesleukin was given to patients concurrent- 
ly with the TrL to support their in vivo growth. 14 - 45 
Therapy-related adverse effects were no different from 
those normally seen with TIL plus aldesleukin thera- 
py. Rigorous testing showed'that the viral supernatant 
used for gene transduction and TIL was sterile and 
contained no helper virus. PCR analysis and reverse 
transcriptase assays demonstrated no amphotropic 
helper virus in the infused TIL. Results of Western blot 
analysis for viral gag protein and'S'/L" assay for virus, 
performed on the patients' serum multiple times 
throughout the study up to 180 days after cell infusion, 
were negative. Thus, it was demonstrated for the first 
time that ex vivo retroviral-mediated gene transfer 
into T lymphocytes, under the proper conditions, did 
not produce evidence of disease after infusion in hu- 
mans. Similar safety assessments with adenoviral vec- 
tors are currently in progress. 

Safety Record. The accumulated experience with 
retroviral-mediated gene transfer from the equivalent 
of 106 monkey- years and 23 patient-years has demon- 
strated no adverse* effects, no pathologic effects, and 
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t no malignancy development related to gene transfer.*' 
~ However, as with any new experimental therapy, the 
) . potential risks associated with human gene therapy, 

| including the risk of cancer development, must be 
judged against the potential toxicities associated with 

• alternative treatments and disease severity. 

i 

-. Clinical Applications of Gene Transfer and Gene 
: Therapy 

J - The possible applications of human gene therapy to 
'i treat human diseases are virtually limitless. , -" iI - b, - t ' 2 Ini- 
x rial studies were directed at correcting inherited disor- * 
- ders and were subsequently expanded to better 
understand and possibly treat malignant diseases. 

• Clinical studies for nongenetic, nonmalignant diseases 
; have recently begun. In some trials (gene-marking 
; studies), cells are genetically marked so that they can 

be tracked throughout the body to enhance under- 
; standing of disease biology (Table 3). in other studies, ■ 

a gene is transferred as a means of treating a human 
j disease"; these studies are referred to as gene therapy 
; studies (Table 4). Gene-marking and gene therapy 
I studies are beginning to span the globe, .with ongoing 
k trials in Italy, France, Netherlands, China, England, 
j and Germany. • 
1 Genetic Disorders or Disorders with Associated 



Genetic Component For only a few of more than 4000 
known human generic disorders have the responsible 
genes been cloned to allow possible correction with 
gene therapy/ 7 -^ Clinical gene therapy trials have 
already been initiated in severe combined immunode- 
ficiency syndrome (SCID) associated with ADA defi- 
ciency, hemophilia B, familial hypercholesterolemia 
associated with a defect in the low-density- lipoprotein 
(LDL) receptor gene, and cystic fibrosis. 

ADA- Deficient SCID. Researchers considered ADA- 
deficient SCID to most closely fit the criteria for an 
ideal candidate for genetic therapy. ,<MM1 The first hu- 
man gene therapy attempt took place on September 14, 
1990, in the pediatric intensive care unit at the Warren 
G. Magnuson Clinical Center of NIH. A four-year-old 
girl with ADA-deficientSCID and persistent immuno- 
deficiency despite pegademase bovine therapy for 
more than two years was given a transfusion of her 
own peripheral-blood T lymphocytes that had been 
transduced ex vivo using retroviral-mediated gene 
transfer with the gene encoding normal human 
ADA. 1 "- 4 " It was hoped that 'restoration of ADA en- 
zyme activity would restore cellular immunity and 
allow this child to return to a more normal life. 

She received 11 infusions over the next two years, 
resulting in her regaining and maintaining some nor- . 
mal immune functions. Her intracellular ADA concen- 
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( ■ Table 3. 

! Gene-Marking Studies with the Neomycin Resistance (NeoR) Gene 



Month First 





Patient Started 


Institution 3 


Condition 


Cells Marked b 




5/89" 


NIH 


" Malignant melanoma 


TIL 


1 


9/91 


St. Jude 


Pediatric acute myelogenous 
. leuKemra 


Bone marrow 


i 


12/91 


Centre Leon Berard 


Malignant melanoma 


TL 




1/92 


St. Jude 


■ Neuroblastoma 


Bene marrow 




3/92 


Pittsburgh 


Malignant melanoma 


TL 


. 5/92 


Indiana 


Aduit acute leukemias 


Bone marrow and autdogous 
peripheral blood 


i 


7/92 


M. D. Andersen 


Chronic myelogenous leukemia 


Bone marrow and PBSO 1 


i 

i 


9/92 


NIH 


Multiple myeloma or chronic 
myelogenous leukemia 


Bone marrow and PBSO 




12/92 


NIH 


Breast cancer 


Bone marrow and PBSO 


j 


2/93 


UCLA 


Malignant melancma or 


P.BL and TIL (C04 + ' 
and CD8* subsets) 








renal cell cancer 


j 


Pending 


Baylor 


Liver failure 


Hepatocytes 




Pending 


NIH • 


HIV 1 infection ■ 


Syngeneic CD4 + and C08 + T • 






M. D. Anderson 




' iymphocytes c 




Pending 


Chronic lymphocytic leukemia 


Bone marrow and PBSO 1 




Pending 


Fred Hutchinson 


Nonmyeloic malignancies 


IU3 or G-CSF-stimutated PBSC . 


) 


Pending 


St. Jude 


Neuroblastoma 


Purged and unpurged bone 
marrow 




Pending 


St. Jude 


Pediatric acute myelogenous 
leukemia 


Bone marrow purged by two 
different methods 0 




Pending 


St. Jude 


Bone marrow transplant 


ESV-specific cytotoxic T 
tymphecytes 



"Full names and locations are National Instiluies of Health (NIH). Sethesda. MO. St. Jude Children's Research Hospital. Memchis, TN; Centre Leon Berard, 
Lyon, France; University of Pittsburgh, PA; Indiana University, Indianaoofis; The University of Texas M. 0. Anderson Cancer Center, Houston; Baylor Univer- 
sity. Waco. TX; University of California-Los Angeles (UCLA); Fred Hutchinson Cancer Center, Seattle, WA. 

a TIL =» tumor-infiltrating lymphocytes. P8SC — peripherai-blooa stem cells. PBL periphe'al-btood leukocytes JL-3 *» interleukin-3.G-CSF = granulocyte 
colony-stimulating factor, EBV — Epstein- Ban* virus. / 

c Marked with GlNa and-LNL6 Neofl vectors. - 

d HIV — human immunodeficiency virus. ■ 
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Gene Therapy Studies 3 








1 

> 


* • Month First 






Transferred 




| 


• Patient Started 

: - 


Institution 3 


Disease 


Genes 


Target or Delivery Cells 


.1 


9r"90 


NIH 


ADA-def-cient SCID 


ADA 


PSTC cr P3SC 




1/3*. 


MH 


Malignant melanoma 


TNF 


TIL 


i 


; • .0/91 


NIH 


Advanced cancer 


. TNF 


Tumor 


"l 


12/91 " 


Fudan-Crtanghai 


Hemophilia 3 


Factor IX 


Autologous skin fibroblasts 


1 


2'92 


Leiden 


A OA -deficient SCID 


ADA 


Bone marrow and PSL 


■* 


; 3/32 


San Raffaeie 


ADA-deficient SCID 


ADA 


PBTC and progenitor-enriched 


i 

i 






- 




bone marrow 




! . 3/92 


NIH 


Advanced cancer 


IL-2 


Tumor 


.1 


&'92 


Michigan 


Malignant melanoma 


HLA-B7 


Melanoma in vivo via liposomes 




• a/92 


Michigan 


Fam'liai hypercholesterolemia 


LDL receotor 


Hepatocytes 




; ; 12/92 


St. Juae 


Reiapsed'or refractory neuroblas- 


IL-2 


Tumor 








toma 




- 


I 


12'92 


NIH 


Primary or metastatic brain tumor 


HSV-TK 


Tumor in vivo 




2/93 


MSKCC 


HLA-A2-positive malignant 


IL-2 


Allogeneic tumor 


! 






melanoma or renai cell cancer 








; r": 2/93 


Washington 


AlOS-related (ymohoma 


HSV-TK and HPH 


CD8" 1 " HIV-specrfic cytotoxic T 










lymphocytes 




3/93 


Netherlands 


ADA-deficient SCID 


ADA 


Bone marrow 




4/93 


NIH 


Cyst'c fibrosis 


CFTRc 


Respiratory epithelial cells via 










direct inhalation . 




Pending 


Rochester 


Ovarian cancer 


HSV-TK 


Ovarian cancer 




Pending 


Viagene ' 


AIDS 


HfV env 


Fibroblasts 


1 


Pending 


M. 0. Andersor 


Lunc cancer 


Antisense K-ras or p53 


Tumbr 




Pending 


Pittsburgh 


Advanced cance r . 


IL-4 


Autologous fibroblasts and 


\ 






Autologous tumor 


1 


Pending 


' Iowa 


Cystic fibrosis ' , 


CFTF* 


Nasal epithelial cells via direct 








inhalation 




;' : -Pending 


Michigan 


Cystic fibrosis 


CFTR- 


Lung segment 




; - t Pending 


lowa 


Primary or metastatic brain tumor 


HSV-TK 


Tumor in vivo 




: : ' Pencing 


Cincinnati 


Cystic fibrosis 


CFTFF 


Respiratory epithelial cells 




Pending 


Johns Hopkins 


Renal, cell cancer 




Tumor 


1 


Pencing 


North Carolina 


Cystic fibrosis 


CFTR- 


Nasal epithelial cells 





"ADA = adenosine d eaminase de ficiero/. SOC — aeverscarnoineCirnrnuriodeficninL-y. PSTC = peripheral-Wood 7" cells: P3SC = peripheral-blood stem 
cells, TNF = tumor necrosis factor, TIL ~ lumor-infibating lymphocytes. PBL-peripheral-blocxj lymuho^ytes. IL-2 = interleukin-2. HLA = human lymphocyte 
antigen. iDL *- low<lensity lipoprotein: HSV-TK = herpes simplex virus thymidine kinase. HPH = hygromycin phosphotransferase. HfV = human immun- 
odeficiency virus, 1L-4 — intertp.nktn-d., CFTR cystic fibrosis Uansmemfcrane conductance regulalar. GM-CSF =» granulocyte -macrophage colony-stimu- 
tatinc factor. , 

c Fuil names and locations are National Institutes of Health (NIH}. Se^hesda. MO; Fudan University and Changhai Hospital {Fudan-Changhai). Shanghai. 
China: University Hospital. Letden. Netherlands; San fiaffaele Scientific Instttute. Wilan. Italy; University of Michigan. Ann Arbor: St. Jude Children's Research 
Hospital. Memphis. Tf\; University of Rochester. NY: Viagsrw {a fry -profit research company). San Diego. CA; The University of Texas M. 0. Anderson Cancer 
Center. Houston; Memorial SIoan-Kettering Cancer Center. New Y-rk. NY; University of Washington. Seattle; University of Pittsburgh. PA; University of Iowa. . 
Iowa City; University of Cincinnati. OH: The Johns Hopkins University. Baltimore. MD: University of North Carolina. Chapel Hill. 

disabled adenovirus construct. 



■rr 



tration rose from undetectable to 20-30% or the normal 
value. Her T lymphocyte count rose to normal value. 
Some other indicators of immune status also im- 
proved, including antibody response to blood group 
antigens (isohemagglutinin titers), response to some 
skin test antigens, and in„vitro T lymphocyte responses 
to influenza and allogeneic cells. She is now doing 
well, is able to play outdoors and swim in the commu- 
nity pool, suffers fewer infections, and has entered 
public school. A second patient started treatment in 
January 1991 and is showing similar laboratory and 
clinical improvement.* 7 

Since T lymphocytes, are fully differentiated and 
therefore have a limited life span, it was thought that 
the beneficial effects of the transduced cells (if any) 
would be short-lived and that there would be gaps in 
the patient's immune repertoire. In the first patient 
treated, the infusions of transduced T lymphocytes 
were not given during a six^month period to deter- 
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mine the halt-life of the infused cells. The number of 
peripheral-blood T lymphocytes gradually fell toward 
baseline over the six months^ suggesting that the half- 
life was at least three months. Intracellular ADA con- 
centrations did not decline during this period. These 
findings suggested that there is a selective survival 
advantage for the genetically corrected cells in vivo.' 

As a possible method of conferring lifelong gene 
correction, the NIH study has since been amended to 
transduce monoclonal-antibody-separated CD34* pe- 
ripheral-blood stem cells harvested under the influ- 
ence of filgrastim.'" 4 The transduced peripheral-blood 
stem cells will be marked with a different ADA vector, 
enabling the researchers to determine which cell type, 
peripheral-blood stem cell or peripheral-blood T lym- 
phocyte, is providing the greatest benefit: % A trial using 
this technique has already begun in Italy, with the first 
patient enrolled in March 1992.- M)ft9 It .is hoped; that 
stem cell transduction will produce lifelong correction 
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of the enzyme defect and possibly become n one-shot 
cure for ADA deficiency and other genetic disorders. 
Other investigators are pursuing gene transfer into 
hematopoietic stem cells as well. :s - 3:0f 

Hemophilia, Tlmlassemia. and Sickle Cell Anemia. While 
the work with ADA deficiency has provided invalu- 
able insight into the possibilities for gene therapy. 
ADA deficiency is exceedingly rare compared with . 
other genetic orders. A group of much more common 
genetic blood disorders, such as hemophilia, thalasse- 
mia, and sickle cell anemia, have been targeted for 
gene therapy. 70 "" A gene therapy trial for hemophilia 8 
began in December 1991 in Shanghai, China. 

Gerie therapy approaches to the hemophilias are dif- 
ferent from the approaches to ADA deficiency. 70 ' 73 He- 
mophilias A and B are caused by a variety of muta- 
tions occurring in the genes encoding clotting factor 

VIII or LX, respectively, resulting in clotting factor defi- 
ciency. Ideally, the mutant gene would be repaired by 
splicing it with normal DNA. Although preliminary, 
work has shown that this is possible in vitro/ it is 
highly unlikely that this process will be available for in 
vivo use given" the diversity of mutations encountered. 
As an alternative, researchers ^are investigating gene 
insertion techniques that allow cells to produce the 
missing factors). Although the liver might be the ideal 
target for correcting these hemophilias, much of the 
work thus far has been done by using transduced fi- 
broblasts. 

Preliminary evidence suggests that adequate factor 

IX production can be achieved in vivo by using these 
techniques; however, persistent gene expression is a 
problem that still needs to be solved. Studios initially 
done in mice have demonstrated that an immune re- 
sponse can be mounted against the newly produced 
human protein, indicating that gene replacement ef- 
forts may be more beneficial in patients who produce 
insufficient amounts of protein product, rather than no 
protein at all. 61 Clinical studies using gene therapy to 
correct the other genetic blood disorders have not 
started yet; these diseases present difficult obstacles to 
overcome because the missing or abnormal. protein 
product comes from a series of complex, tightly regu- 
lated, gene-containing clusters and the optimal gene . 
delivery system has not yet been determined/ 1 - 72 

Familial Hypercholesteremia. A gene therapy trial for 
the treatment of familial hypercholesterolemia, which 
affects young children, has. recently begun. Familial 
hypercholesterolemia results from a defect in the LDL- 
receptor gene. Deficient LDL-receptor production re- 
sults in a lack of LDL catabolism, causing high plasma 
concentrations of LDL and total cholesterol. This re- 
sults in premature development of coronary artery • 
disease. In this study, hepatocytes are removed from 
the patient and transduced with a retroviral vector 
containing a human LDL-receptor gene. Studies have 
demonstrated that this technique is feasible, with a 
transduction efficiency rate approaching 30%. ZU77 * 
The transformed hepatocytes are then able to express 
sufficient quantities of recombinant LDL-receptor pro- 



tein on the cell surface. It is hoped that this will serve 
as an adjunct therapy. 17 -"*- 7 * According to a preliminary 
report-on the first patient treated, the transferred gene 
was functioning in the patient's liver, her plasma cho- 
lesterol concentration has fluctuated from 20% to 40% 
below her baseline values, she has experienced no un- 
toward effects as a result of the therapy, and she was 
recently started on cholesterol-lowering agents (now 
that she has LDL receptors). 75 

Cystic Fibrosis and Antitrypsin Deficiency. Cystic fi- 
brosis and antitrypsin deficiency are the two most . 
common genetic pulmonary disorders in the United 
States."* 7 * Gene therapy may offer a promising ap- 
proach for long-term treatment for both diseases. 32 - 23 ' 76 
Five cystic fibrosis gene therapy trials have recently 
been approved. 

Cystic fibrosis is a disorder caused by a defect in the 
gene for the cystic fibrosis transmembrane conduc- 
tance regulator (CFTR) protein, resulting in altered 
electrolyte transport in the epithelial cells of the pan- • 
creas, gastrointestinal tract, and tracheobronchial 
tree.-"- 7 * Alpha- 1 -antitrypsin is a neutrophil elastase in : 
hibitor, and deficiency results from inadequate ct-1- 
anti trypsin production by the liver. 13 Neutrophil 
elastase is a protease that can destroy the connective 
tissue backbone of alveolar walls; thus, antitrypsin de- 
ficiency can result in progressive lung tissue destruc- 
tion and emphysema. Infantile hepatic cirrhosis can 
also occur with antitrypsin deficiency. 133 A possible 
gene therapy approach to correct these disorders 
would be to deliver the CFTR or ct-l-antitrypsin gene 
directly into the epithelial cells Lining the airways. 32 * 3 - 1 
Alternatively, the a- V- antitrypsin gene can be directed 
toward hepatocytes in a more classic gene replacement 
attempt. 1 - 

However, unlike other tissues targeted for gene 
therapy, lung tissue proliferates very slowly, making it 
less than suitable for using retroviral vectors. Investi- 
gators have developed a technique to directly admin- 
ister the CFTR or a-1 -antitrypsin gene to airway epi- 
thelial cells by using an adenoviral vector. 31 - 33 As 
mentioned previously, an ad eno virus-based vector 
was chosen because adenoviruses can efficiently infect 
nondividing lung epithelial cells. When adenovirus- 
based vectors carrying the normal CFTR gene were 
tested in cells from patients with cystic fibrosis, the 
infected cells demonstrated restoration of functional 
chloride channels/ 3 A similar positive finding was 
demonstrated with vectors carrying the. ct-l-antitryp- 
sin'gene. However, it should be noted that these local- 
ized strategies would correct only the pulmonary com- 
plications for these disorders and would not affect the 
hepatic complications associated with antitrypsin defi- 
ciency or gastrointestinal complications associated 
with cystic fibrosis. 

Although this technique may pave the way for more 
direct in vivo gene transfer studies, whether it will 
work in human lung is yet to be demonstrated. Prob- 
lems may arise in patients who have been- previously 
exposed to adenovirus infection. If immunity devel- 
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ops, gene transfer efficiency. may be compromised. U 
repeated inoculations are necessary to provide ade- 
quate viral episomes. mild immunosuppression mav 
be necessary, which would be less than ideal in a pa- 
tient already prone to infections. 

Hepatic Disease. A soon-to-begin study will use retro- 
viral-mediated gene transfer to mark hepatocytes as 
part of a hepatocellular transplant protocol" It is 
thought that engrafting as little as 5% of normal hepa- 
tocytes into a diseased" liver may restore enough func- 
tion to provide time to find a suitable liver donor." 
Marking the donated hepatocytes with a retroviral 
vector, such as the NeoR gene, will allow researchers 
to track the progress of the hepa tocytes and possibly 
optimize surgical techniques. 

Other Diseases. Gene therapy is being explored for 
other diseases. It is closest to clinical trials for certain 
forms of chronic granulomatous disease (CGD) and 
Gaucher's disease, a hereditary lack of the enzyme 
used by lysosomes to break down glucocerebro- 
5lde *vrs.r* p Qr patients with QQQ f researcher? are 
working to insert the gene responsible for superoxide 
production into bone marrow or peripheral-blood 
stem cells/ 9 Two approaches are being explored for 
Gaucher's disease/"- 7 ' One investigator is 'working on 
transducing bone marrow stem ceils to produce the 
deficient enzyme. Another is working on maintaining ' 
lowered plasma lipid concentrations by using bioengi- 
neered fibroblasts or endothelial cells.*' 7 '* 
■ Much research is under way to examine the poten- 
tial applications of gene therapy in treating many oth- 
er genetic disorders. With the expanding possibility of 
transducing target tissues in vivo, increasing the eHi- 
, ciency of gene transfer, and specifically directing in 
vivo delivery of the genes, a dramatic increase in the 
application of gene therapy to- correct genetic disor- . 
ders should occur within the next 10 vears. 

Cancer. The discover)' and application of biological 
therapy to treat human cancers has provided insight 
into the many possible approaches for using gene ther- 
apy to diagnose and treat cancer and to monitor cancer 
therapy ^ 44 -^ In fact, if cancer is a disorder of somnt- 
ic-cell genetics resulting in uncontrolled growth, it is 
clear that gene therapy will have a definite impact on 
cancer therapy in the future. Perhaps there is no area 
in which gene-marking studies are more relevant for 
understanding disease biology. 

Gene-Marking Studies. The first human gene-ma'rking 
study attempted to better define the in vivo distribu- 
tion and survival of TIL through retroviral-mediated 
gene transfer. 45 In the first reported cases, it was dem- 
onstrated that the marked cells can persist in the circu- 
lation for at least 21 days and, in one patient, for up to 
189 days. Gene-marked TIL was recovered from tumor 
deposits up to 64 days after administration. Five addi- 
tional patients have subsequently been treated,- with 
similar results.^- 44 

The persistence of the gene-marked TIL has prompt- 
ed the use of gene-marked or "reporter" cells to better 
understand other aspects .of cancer biology (Table 3). 



Several institutions, including one in France, are using 
N'eoR-transduced TIL in patients with melanoma or 
renal-cell cancer. While these studies demonstrate an 
institution's ability to perform gene transfer experi- 
ments, some investigators have expanded on the origi- 
nal concept. For example, Lotze et aL S5 at the Universi- 
ty of Pittsburgh are using- a combination of both 
interieukin-2 (IL-2) and interleukin-4 (1L-4) to cultivate 
TIL. They will then determine if this combination al- 
ters the transduction efficiency and tumor'infiltration. 
Investigators at the University of California at Los An- 
geles (UCLA) are marking peripheral- blood leuko- 
cytes with one \JeoR vector (GINa) and TIL with a 
slightly different NeoR vector (LNL6) to quantify tu- 
.mor infiltration by these two cell types. 

Autologous BMT is a possible curative modality for - 
several malignancies. Despite bone marrow removal 
during remission, marrow purging, and marrow puri- 
fication, many patients relapse after the transplant. To 
unravel the complexities of transplantation and to de- 
tenu inu the source of relapse in pa'tients treated with 
autologous BMT for hematological malignancies, such 
as acute or chronic myelogenous leukemia, or for solid 
tumors, such as neuroblastoma, investigators will use 
the NeoR-cnrrying vector to mark bone marrow 
ceIIs. M1>: With increased transduction efficiency and 
very sensitive detection techniques such as PCR, it is ' 
estimated that as few as 100 tumor cells need to be 
marked in order to detect them in the circulation fol- 
lowing transplant.^ Demonstration that marrow can 
be the source of relapse in these patients might lend to 
more efficient purging of- the marrow before it is in- 
lusud, whereas demonstration that the relapse comes 
trom circulating peripheral cells might lead to more 
rigorous ablative therapy. Data are available from two 
patients with acute myelogenous leukemia treated at 
St. Jude Children's Research Hospital (Memphis, TN) 
who have relapsed after BMT and the NeoR gene 
marker has been identified in the resurgent blast cells, 
suggesting that bone marrow obtained during remis- 
sion can contribute to disease relapsed As a result, a 
new. gene-marking study to compare two different 
marrow purging techniques was developed and has 
recently been approved. 

Peripheral-blood stem ceils are used alone or in con- 
junction with bone marrow to hasten hematological 
recovery following bone-marrow ablative chemother- 
apy. While the clinical effects of using peripheral- 
blood stem cells are well documented, no studies have 
definitively determined that these cells are an extra 
source of marrow reconstitution. Studies suggest that 
peripheral-blood stem ceils can be transduced with the 
NeoR gene vector/* In a series of studies conducted at 
NIH. patients with chronic myelogenous leukemia, 
multiple myeloma, or breast cancer will have both 
their peripheral-blood stem cells and their bone mar- 
row removed and transduced with the NeoR gene be- 
fore receiving high-dose antineoplastic therapy. Simi- 
lar to the NeoR marking studies at UCLA; the j 
peripheral-blood stem cells will be marked with a ^5 
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slightly different NeoR vector than, the bone marrow. 
This will enable the investigators to determine the rel- 
ative contributions of each of the cell types. Thev will 
also be able to determine the source of relapse, should 
that occur, in each of these studies. 

Additional studies at NIH are planned using the 
multidrug resistance gene-1 (MDRl ) to mark peripher- 
al-blood stem cells and bone marrow cells from pa- 
tients receiving BMT for breast cancer. Murine studies 
have demonstrated that transduction of the MDRl 
gene into bone marrow can confer resistance to pacli- • 
taxel and provide in vivo enrichment of transduced 
cells.'* If the clinical study is successful, it may be 
possible to use a dominant selectable marker, whereby 
researchers can amplify cell clones in vivo that have 
been cotransduced with the MDRl gene and an addi- 
tional therapeutic gene. 

Gene Therapy Studies. Many studies are under way 
involving gene therapy for treatment of malignancies. 
Novel approaches to treating cancer with gene transfer 
techniques are summarized in Table 5 

Adding new genes to cells to give them new functions 
can have many applications in. cancer therapy. Early 
work toward developing adoptive ■ immunotherapy 
with lymphokine-activated killer (LAK) cells and then- 
TIL has provided the foundation for several ongoing 
human gene therapy trials. 28 ^- 45 Like a sophisticated 
drug-delivery system, TIL are being used to deliver for- 
eign therapeutic genes directly to tumors. In the first 
trial, the gene for tumor necrosis factor (TNF) is inserted 
into TIL (TNF-TIL). In previous clinical- studies, TNF 
was an ineffective antitumor agent, perhaps because 



Tables.. . 

Possible Genetic Therapies for Cancer 3 

Gene addition 
To lymphocytes to produce active cytokine within tumor 

(e.g.. TNF or IL-2 gene added to TIL) 
To tumor cells to make them more immunogenic 

(e.g.. TNF. il-2. or HLA-B7) 
To produce new cytotoxic or cytostatic product 

within tumor (e.g..- VDEPT or sensitivity genes) 
To produce protein product with new function" 

(e.g.. bone marrow protection by CSF or MDR1 

expression) 

To introduce tumor suppressor genes (e.g., p53) 
Down-regulation of specific gene expression using 

informational drugs 
- . Antisense oligonucleotides targeted at mRNA 

Specific ribozymes targeted at mRNA 
' -. Oligcnudeotide-triplex DNA formation targeted 
at DNA 

Oligonucleotides targeted at RNA polymerase 

or transcription factors 
Proteases targeted at proteins 
Gene replacement for mutant oncogenes or tumor 
suppressor genes 
Homologous recombination 
Excision 

Gene-function blocker 

4 r NF — tumor'necrosis factor, IL-2 =» interieukir>2. TIL » turner- in filtrat- 
ing lymphocytes. HLA - human lymohocyle an trgen.' VDEPT — viralty.di- 
• rectea enzyme prodrug therapy. CSF — colony-stimulating factor. MDRl 
' *» multidrug resistance gone- 1, mRNA — messenger PMA. (Adapted from 
reference 78, with permission.) 



dose-limiting hypotension prevented attainment of suf- 
ficient cytotoxic concentrations in vivo. However, ani- 
mal studies using TNF-TIL have demonstrated that 
localized TNF concentrations of up to 1000 ug/g of tis- 
sue can be achieved (concentrations above 400 ug/g of 
tissue can result in tumor necrosis). Initially, the RAC. 
allowed- administration of TNF-TIL alone; when safety 
was demonstrated, the- investigators were allowed to 
add systemic aldesleukin in increasing dosages. 

Data reported from five patients treated with TNF- 
TIL alone and TNF-TIL plus aldesleukin revealed that 
both therapies were safe to give to patients and neither 
produced TNF-related hypotension as seen with TNF 
alone. When a tumor-site biopsy obtained from a re- 
sponding patient was examined, the tumor regression 
seen was consistent with classic TNF-induced coagu- 
lative necrosis and not the lymphocyte infiltration 
seen with TIL therapy. 2 * M This suggests that a- local 
TNF effect was responsible for tumor regression. 
• However, the merits of this trial have recently been 
questioned, as it appears that the transduced TIL are 
unable to uniformly express TNF at the projected 
amounts necessary for tumor regression and the TNF 
transduced TIL may have a different distribution pat- 
tern compared with that previously demonstrated for 
untransduced TIL. W 

Other possible generic modifications of TIL to im- 
prove antitumor activity include the introduction of 
0) other immunomodulatory cytokines or proteins, 
such as a-interferon or ^interferon, interleukin-1 , in- 
terleukin-6 (IL-6), or interIeukin-7; (2) Fc receptor, 
which mediates antibody-dependent cellular cytotox- 
icity; (3) chimeric T-cell receptors, which have altered 
T-cell specificity; and (4) the IL-2 receptor, which 
makes TIL more sensitive to IL-2. 211 * 4 -* 1 

Because of the difficulties with gene transfer into T 
lymphocytes, researchers have been investigating cy- 
tokine expression in tumor eel Is.*" 4 Cytokine genes 
inserted into tumor cells can make the tumor cells 
more immunogenic by increasing their recognition by 
host defenses. These observations, made in mu- 
rine models using genes for intcrleukin-l^ IL-2. IL-4, 
IL-6, TNF, y-interferon; or granulocyte- macrophage 
colony-stimulating factor (GM-CSF), led to several 
clinical trials in which patients were immunized with 
their own tumor cells after those cells were modified 
by ex vivo retroviral-mediated gene transfer. 

In Rosenberg's first trial, rumor cells were modified 
by insertion of the TNF or IL-2 gene. 13 - 44 Small quanti- 
ties (less than 2% of the estimated total tumor burden) 
of these gene- modified rumor cells were then injected 
subcutaneously into the thigh and intraderrnally into 
nearby sites. Three weeks later, the draining lymph 
nodes were removed and grown in IL-2. The resulting 
.TIL were then given back to the patient with systemic 
aldesleukin doses, just as in previous TIL protocols. 28 ** 
Preliminary observations reported from five patients 
who had completed the first part of the study, in 
which TNF gene was inserted into tumor cells, suggest 
that a marked immunologic response can be mounted. 
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against these modified tumor cells. 2 *-* 

Taking a different approach tor increasing tumor 
immunogenicity, investigators at the University of 
Michigan will introduce the gene for human lympho- 
cyte antigen (HLA)-B7 directly into tumors in vivo by 
using DN A-liposome complexes.-* It has been demon- 
strated in mice that when a cytotoxic T<ell response is 
induced, the gene product stimulates immunity to oth- 
er antigens present on unmodified tumor cells and 
tumor regression occurs. The University of Michigan 
trial is one of the first gene therapy studies in which 
the gene transaction occurs directly in vivo rather 
than by processing the cells ex vivo and returning 
them to the patient. 

. Immunizing patients with their own gene-modihed - 
tumor cells can also be considered the first step toward 
developing a tumor vaccine. While the ongoing stud- 
ies might provide a method for individualized vacci- 
nation, it is envisioned that one day the genes coding 
for tumor-associated antigens could be inserted into a 
virus, such as vaccinia, that might serve as a primary 
or secondary cancer prevention method. Studies are 
ongoing to identify these tumor-associated antigens 
and to determine tf'several tumor types share common 
.antigens. 1 " 44 

Virally directed enzyme prodrug therapy, some- 
times referred to as suicide or sensitivity gene therapy, 
is a manipulation that takes advantage ot proliferative, 
transcriptional or enzymatic differences between tu- 
mor and normal cells to cause preferential tumor cell 
death. 1 *- 52 -''-' 13 For one technique, a gene for a drug- 
activating enzyme (e.g., herpes simplex virus thymi- 
dine kinase [HSV-TK]) is inserted into a tumor cell 
either in vivo or ex vivo The actively dividing 
. tumor cell then expresses the protein product of. that 
gene (e.g., thymidine kinase). Upon uptake of a drug 
that is activated by this enzyme (e.g., acyclovir or gan- 
ciclovir sodium), the rumor cell dies. To restrict gene 
expression of the drug-activating enzyme to tumor 
cells a gene can be constructed that is composed of a 
tissue-specific transcriptional regulatory sequence 
(e.g., promoter sequence) adjacent to the sequence 
coding for the drug-activating enzyme. 41 Thus, if the 
promoter sequence for a-fetoprotein (hepatoma), 
prostate-specific antigen (prostate cancer), or carcmo- 
embrvonic antigen (colorectal or lung cancer) is adja- 
cent 'to the gene encoding for a. drug-activating 
enzyme, then normal tumor synthesis of the protein or 
antigen will result in synthesis of an enzyme that will 
activate the subsequently administered cytotoxic 

3 Atrial recentlv initiated at NIH In parients with either 
primary brain tumors or brain metastases secondary to. 
lung cancer, breast cancer, malignant melanoma or re- 
nal cell carcinoma is introducing the gene for H5V-IK 
directly in situ bv using retrovirat-mediated gene trans- 
fer 93 It has been 'demonstrated that only actively divid- 
ing cells integrate retroviral vectors and express 
' HSV-TK In animals, normal neural cells, which have 
lost their capacity to divide, are spared. w A trial using 
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the HSV-TK suicide-virus gene concept has also been 
proposed for patients with ovarian cancer. 

Gene addition can also be used to provide an indi- 
rect therapeutic advantage by manipulating normal 
ceils to make them more resistant to cytotoxic chemo- . 
therapy. As already described, peripheral-blood stem 
cell and bone marrow-marking studies using the 
MDR1 gene are planned/ 19 Preliminary evidence sug- 
gests that cell clones expressing MDR1 are resistant to 
the effects of cvfcotoxic drugs and can grow after treat- 
ment with these drugs. Patients in these studies will 
receive either paclitaxel or vinblastine sulfate if they 
have progressive disease following the bone marrow 
transplant. If the transplanted cells continue to express 
MDR1 and the population expands, the investigators 
expect to see progressively .shorter and shorter nadir 
leukocyte counts with subsequent paclitaxel or vin- 
blastine sulfate treatments. Similarly, it is possible that 
hematopoietic protective effects can be achieved by 
transducing hematopoietic stem cells with genes cod- 
ing for protective cytokines such as GM-CSF, granulo- 
cyte colony-stimulating factor, interleukin-3, or stem 
cell factor.' 0 Also, as many tumors result in part from 
inactive or missing tumor suppressor genes, gene ad- 
dition therapy might be able to provide these missing 
protective genes. 93 "" 7 

it is also possible to inhibit specific tumor growth 
functions at the genetic level by down-regulating the 
expression of oncogenes by introducing "information- 
al" drugs or compounds with antisense relationships 
to specific nucleotide sequences. These compounds in- 
clude oligonucleotides (which can block rrtRNA, 
DNA, RN A polymerase, or transcription factor activi- 
ty), ribozyrnes (which can cut RNA at a specific target 
site), or proteases (which can inactivate several essen- 
tial tumor proteins). 90 -* 2 - . 

Human tumors can result from overexpression of 
oncogenes, failure to express certain tumor suppressor 
genes, or point mutations that activate transforining 
functions/*^ Another strategy for gene therapy ma- 
nipulation would be to replace mutant genes with a 
normal copy of the gene by homologous recombina- 
tion or bv molecularly excising the mutant gene and 
replacing it with a normal copy. M Homologous re- 
combination has been shown to work well in vitro, but 
it is currently too inefficient to use in clinical trials. 80 

In the first attempt to target the genetic basis for 
cancer, researchers at The University of Texas M. D. 
Anderson Cancer Center (Houston) will focus on two 
mutations associated with lung cancer: the K-ras onco- 
gene, which is present in 30-40% of lung adenocarci- 
nomas, and the P 53 tumor suppressor gene, which is 
deleted in 50-70% of all lung cancers. *- w - w For patients- 
with K-rns, the investigators will directly inject a retro- 
viral vector supernatant containing a construct with 
the mirror image of the K-ras mRNA into the tumor . 
This antisense K-ras should prevent the decoding of.= 
the K-ras message and should stop uncontrolled tumor-, 
proliferation. For patients with either a p53 gene muta-;: 
tion or deletion, a correct copy of the p53 gene will be--. 
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transfected directly into the tumor. In both cases a 
murine retrovirus will be used to insert the gene, and 
animal studies have demonstrated that approximately 
50% of rumor cells will integrate this new gene. This is 
d^e first attempt to individualize gene- therapy based 
on a patient's specific gene mutation. 

While many of the clinical .trials using gene transfer 
techniques to better understand cancer biology or to 
treat cancer are still in very primitive stages, many 
more studies will soon be initiated. As we gain more 
insight into the processes behind the interactions of 
DNA, RNA, andproteins during transcription and as 
more oncogenes, tumor suppressor genes, and tumor- 
associated proteins are discovered, it is likely that we 
will be able to target cancer treatment directly at the 
genetic level. 

Nongenetic, Nonmalignant Diseases. Many nonge- 
netic, nonmalignant diseases are targeted for gene 
therapy approaches. Among the most actively pur- 
sued areas are HIV infection and cardiovascular con- 
ditions. Gene therapy for other diseases are sure to be 
explored shortlv. 

Perhaps more is known about the molecular biology 
surrounding HIV infection and perpetuation than any 
other infectious disease. Gene therapy strategies will 
take advantage of this knowledge by either modifying 
cells to protect them from infection or by targeting 
transcriptional or translational inhibitors of viral pro- 
tein production >'- ,>,i : : In the first approved HiV -relat- 
ed gene therapy trial researchers at the Fred Hutchm- • 
son Cancer Center (Seattle, WA) are using CDS', 
HIV -specific, cytolytic T cells transduced with both a 
marker gene arid a suicide gene for patients with HIV- 
related lymphoma undergoing allogeneic 13MT. H is 
hoped that the high-dose antineoplastic therapy, total 
body irradiation, and these cytolytic T ceils will eradi- 
cate all HIV-infected cells in the patient and prevent 
infection of the healthy marrow, and that the trans- 
planted marrow will repopulate the hematologic lines 
with HIV-free cells, the gene encoding hygromyan 
phosphotransferase is being used to mark the cytolytic 
T cells to follow cell survival. Since these cytotoxic T 
lymphocytes are known to produce central nervous 

* system toxicity and lymphocytic alveolitis, transduc- 
tion of the gene tor HSV-TK will allow the investiga- 
tors to ablate the transduced cells with acyclovir or 
ganciclovir sodium should untoward toxicity occur. In 

• another trial, researchers will genetically alter hbro- 

* blasts to manufacture gpl60, a protein that is part ot 
the HIV protective envelope. 102 

• Investigators have also described techniques to con- 
struct retroviral vectors capable of expressing, soluble 
CD4 the cell-surface receptor for HIV binding, thus 
opening the possibility for the patient's own cells to 
manufacture thisprotein to block HIV infection ot sur- 
rounding cells. 46 - 100 Researchers are also actively con- 
structing decoy molecules directed at the major 
HIV-senomic elements, such as reverse transcriptase, 

1 trahsactivating factor (TAT), the TAT-binding area 
(TAR), or REV (a viral protein required for viral 



mRNA translation). h)1 Some researchers have pro- 
posed to use the HIV-1 virus itself as a retroviral vec- 
tor delivery vehicle for transducing anti-HlV genes 
into target cells, as it has been demonstrated that this 
vector can enter cells in the same manner that HIV 
can. :,p - 

Faraji-Shadan et al. ltn haye described a novel tech- 
nique for intracellular immunization against HIV in- 
fection by using antibodies created by immunizing 
naive B cells with reverse transcriptase or TAT. These 
selected antibodies, when introduced into the cyto- 
plasm and nucleus, would interfere with viral replica- 
tion. This technique may be applicable to other 
retroviral diseases such as adult T-cell lymphoma asso : 
dated with human T-cell lymphotropic virus type I. 1 " 1 - 
Despite what is known about HIV infection and the 
overwhelming enthusiasm to use gene therapy to pre- 
vent or treat this devastating disease, there are still 
many unanswered questions- and hurdles to over- 
come. For instance, the critical level of T-cell protec- 
tion that is, needed to confer overall patient protection 
from the clinical consequences of HIV infection is not 
known. Nonetheless, HIV infection will continue to be 
actively pursued for gene therapy. 

More people die from cardiovascular disorders than 
any other disease, making it a natural target area for 
" gene therapy. Vascular grafting is commonly used to 
alleviate the symptoms associated with vascular 
blockages due to coronary artery or peripheral vascu- 
lar disease. In other cases, vascular stents are used to 
maintain vein patency. While these procedures are ini- 
tially effective, more' than 30% fail because the grafts 
clot. Researchers are currently investigating methods 
to engineer endothelial cells to secrete anticlotting 
compounds, such as Tl 3 A. ,, -' :r - w - H " >, ° 3 Preliminary data 
suggest that these genes can function in vivo. 1 ™-"* 
These genetically altered endothelial cells can then be 
implanted in the graft or stent to prevent clotting. This 
represents yet another application of gene therapy, 
that is, to prevent a complication associated with a 
surgical procedure. 

Obstacles To Overcome. Will we be able to cure or 
treat all diseases with gene therapy? There are still 
many obstacles to overcome. For instance, progress is. 
slow in developing injectable vectors to simplify for- 
eign gene administration. Perhaps the biggest problem 
to overcome will be engineering the target cells to be 
' able to regulate the gene expression according to phys- 
iologic needs. With diabetes mellitus, for example, it 
mi^ht be possible to engineer cells to secrete a constant 
amount of insulin and prevent the effects of absolute 
insulin "deficiency. l,,fc But getting these cells to secrete 
insulin in response to the individual's diet just as the 
normal pancreas does is not close to being achieved 
yet. 

Conclusion 

The initiation of clinical gene therapy trials has her- 
alded a new age in medicine. From the time the first 
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human received foreign genes just over .our years ago. 
"early 40 additional clinical trials have been approvea 
and more than UO patients have been entered in .gene 
therapy studies. As the human genome is deopherec 
and more pathologic genes are identi hed. gene thera- 
py trials will surely expand at a logarithmic rate Phar- 
macists should become knowledgeable abou gene 
transfer techniques and possible clinical applications 
o, gene therapy to keep abreast of the newest trends in 
medicine. 
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secreted by transfected COS or Chinese namster ovary ecus 
begins at a glycine residue at position 21; the non-giycosylated 
form has a molecular mass of 12,397 by electrospray mass 
spectrometry, close to the predicted M r of 12,399, although it 
migrates as a 9K protein on SDS-PAGE (Fig. lC). 

The production by monocytes of inflammatory cytokines such 
as IL-1, IL-6 and tumour necrosis factor-a (TNF-a) is a crucial 
initiating event in a number of infectious and inflammatory 
pathologies. Wc have found that IL-13 strongly inhibits IL-6 
secretion induced by bacterial lipopolysaccharidc (LPS) in 
peripheral blood mononuclear ceils (PBMC) (Fig. 3a). IL-13 
would appear to be acting directly on monocytes because an 
inhibition of IL-6 mRNA accumulation is observed rapidly 
(wuhin 4 hours) in cultures of PBMC enriched in monocytes 
by adherence to tissue culture dishes (Fig. 3b). A marked inhibi- 
tion is also seen for other inflammatory monokine mRNAs 
TNF-a, IL-8, gro-0) in LPS-treated monocytes in the 
presence of IL-13 (Fig. 36, and other data not shown). The 
action of IL-13 would thus seem to be a generalized block on 
inflammatory monokine synthesis, a property shared with the 
other Th2 lymphokines IL-4 and JL-10 (ref. 13). IL-13 and IL-4 
show similar levels of inhibition of IL-6 synthesis (Fig. 3a). 
IL-13 also inhibits production of human immunodeficiency virus 
(HIV) by tissue-culture differentiated macrophages' 4 , contrast- 
ing with the stimulatory effects of macrophage-activating 
cytokines such as IL-3 and GM-CSF on HIV production that 
have been reported in comparable conditions 12 . 

The production of IFN-y by large granular lymphocytes 
(LGL) may direct subsequent immune' responses, leading to 
macrophage activation and to a Thl-typc' cellular immune 
response 1 , The major cytokine influencing this production of 
. IFN-7 is IL-2 (ref. 17). We have found that IL-13 has a small, 
direct effect on I FN- y synthesis by LGL, and synergizes with 
both suboptimal and optimal doses of IL-2 (Fig. 3c). In this 
respect it resembles IL-12 (ref. 17), rather than IL-4, which 
strongly inhibits IFN-y synthesis by these cells (Fig. 3c). 

IL-13 also affects B lymphocytes, increasing their proliferation 
and the expression of the CD23 surface antigen (P. Carayon 
and T. De Trance, personal communication). IL-13 is thus a 
highly plctotropic cytokine. In its anti-inflammatory effects on 
monocytes and its stimulation of the humoral response through . 
B lymphocytes, IL-13 contributes to the 4 Th2-type' response 
together with- IL-4 and IL-IO (refs 18, 19). In, however, its effects 
on IFN-7 synthesis, it might be expected to promote a Thl-type* 
cellular immune response' 6Z0 . A full understanding of the 
cytokine network in different pathological situations now needs 
to take into account the activities of IL-13. 

The anti-inflammatory function of IL-13 may be crucial in 
clinical inflammation, for ' example in septic shock 21 or 
rheumatoid arthritis 22 . Its activity on LGL may be clinically 
interesting in that, unlike IL-4, it does not decrease and can 
even increase the lL-2-induced lymphokine-activated killer 
activity of these cells (our unpublished results). As IL-13 also 
inhibits HIV replication in vitro 1 *, and systemic immunity to 
parental tumour cells can be induced by IL-13-secrcting tumour 
cells in vivo (D. Fradelizi, personal communication), IL-13 
would appear 10 represent a potentially important new member 
of the therapeutic cytokine arsenal. □ 
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Cystic fibrosis (CF) is a lefhai inherited disorder affecting a bow 
1 in 2,000 Caucasians. The major cause of morbidity is pennaa«« 
lung damage resulting from ion transport abnormalities io airway 
epitbelia that lead to mucus accumulation and bacterial coloanv 
ation. CF is caused by mutations in the cystic fibrosis (nat- 
membrane conductance regulator (CFTR) gene 1 that encodes i 
cyciic-AMP-regulated chloride channel". CycJIc-AMP-regulitd 
chloride conductances are altered in airway epithelta from CF 
patients 4 "*, suggesting that the functional expression of CFTJt It 
the airways of CF patients may be a strategy for f real meal. 
Transgenic mice 7 " 4 with a disrupted cftr gene are appropriate ftr 
tesiiag gene therapy protocols. Here we report the use of lipoma 
to deliver a CFTR expression plasroid to epithelta of the llmj 
and to alveoli deep in the lung, leading to che correction of 1st 
ion conductance defects found in the trachea of transgenic {cf/tfl 
mice. These studies illustrate the feasibility of gene therapy for 
the pulmonary aspects of CF in humans. 

Plasmid DNA completed with cationic liposomes can be 
successfully delivered and expressed in airway epiihelia of 
rodents 10, . A suitable plasmid for expressing CFTR prolog 
was constructed in the vector pREPU (sec legend to Rg. 1). It 
this plasmid, pREPS-CFTR, the human CFTR complementary 
DNA is under transcriptional control of the constitutive Rob 
sarcoma virus (RSV) 3' long terminal repeat (LTR) promoter, 
known to be active in nonproliferating airway epithelial celU 11 . 
To show that pREPS-CFTR expresses CFTR protein after 



' To wftwn eerre5oofl(tonec snoutfl ba «Mr«sM«9. 



NATURE - VOL 362 * 18 MARCH 1993 



transf 
was ir 
weslc. 
CFTF 
was n 
fectec 
cAMl 
" from c. 
of thi 
report 
transf 
protei: 
RN 
CFTR 
cells b 
messer 
inteati 
contro 
mouse 
probes 
cftr pr 
mRNA 
antisen 
with m 
This dc 
do not 
After 
mice o! 
CFTR 
hybridi: 
cells us 

FIG. 1 & 
HeLa call: 
of Hei.sc 
with pRgf 
calls sen 
Indicated 
cross re* 
Time con 
plasmtd f 
point at > 
as me rr 
percent^ 
VETH0D5 
(nudeotid 
under trai 
PREP8-CF 
sequence 
at nudeot 
(CCACCA] 
IransfectV 
tissue cul 
with 10% 
In each w 
Upofectln 
a further ; 
extraction 
ceils were 
containing 
inhibitors 
(310 u£ rn 
TOtnyfsulr 
peosage I 
removed fi 
peflettedb 
(Hsaorved 
SOS-polya 
for to a Hyl 
aml-CFTR; 
cencafea 
cells were 
perstu/e ir 
11 mM gfu 

NATURE ■ 



t>-UcC-^tdWU 12:14 




FROM ULJP MEDICAL LIBRARY * 

- 08 .93811553 



TO 93252883 



'?. 2*4 
*CL 174. 




transaction, plasmid DNA complcxcd with cationic liposomes 
was introduced into HeLa cells and CFTR protein detected by 
western blotting (Fig. la), To ascenain whether the expressed 
CFTR protein was functional, cAMP-stimuiaied iodide efflux 
was measured in iransfccrcd cells (Fig. \b). In HeLa cells trans- 
acted wuh pREP8-CFTR, iodide efflux was stimulated by a 
cAMP-agonist cocktail. The cocktail did not stimulate efflux 
from cells transfected with (he vector pREPS. The characteristics 
of this cAMP-stimuiated anion efflux were similar to those 
reported previously for CFTR^xpressing cells 1 - 13 . Thus cells 
transacted wuh pREP8.CFTR express functional CFTR 
protein. 

RNA in situ hybridization was used to demonstrate that the 
nu c * prcssion P'«"»<* can be delivered to airway epithelial 
cells by Iiposome-mediated transfeccion in vivo. Because CFTR 
messenger RNA is expressed at high levels in human and rodent 
intestinal crypts H " lfl , mouse intestinal sections were used as 
controls, to demonstrate probe specificity. No hybridization to 
mouse intestine was detected with either of two human CFTR 
probes whereas, in consecutive sections, the mouse antisense 
cfir probe (but not the sense probe) detected abundant cftr 
mRNA in the crypts (data not shown). Additionally, neither the 
antisense nor the sense hisD vector control probes hybridized 
wh mouse intestinal mRNA, as expected (data not shown) 
This demonstrates that the human CFTR and vector hisD probes 
do not cross-hybridize with mouse cftr mRNA. 

After transfection of pREP8-CFTR DNA into ihe airways of 
mice of 20-28 days old T sequences corresponding to human 
™. wcrc detected by in situ hybridization (Fig. 2). Strong 
hybridization signals were observed in isolated groups of airway 
cells using both the human CFTR probe (Fig. 2a-c) and the 

RG. 1 Expression of functional CFTR protein from plasmid pREPfi-CFTR in 
Njlai cells 4 Western Dlot confirming expression of CFTR after transfection 
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hisD vector-specific probe (<*-/). In a series of consecutive 
sections the hybridization signals observed wich the human 
CFTR and hisD probes colocalized to the same airways and 
airspaces (Fig. 2a-/). No hybridization was detected with the 
mouse cfir probe. This provides strong evidence that the 
hybridization signals obtained are highly specific and due to the 
transfected plasmid. Hybridization of these same probes to lung 
sections from untransfected animals served as a negative control 
against nonspecific hybridization; neither the human CFTR 
probe (g-i) nor the hisD probe (j-i) hybridized to any mRNAs 
m the lungs of untransfected mice. Hybridization signals were 
obtained with both the sense and antisense probes (Fig. 2a-f) 
Normally the amisense probe is used to detect mRNA whereas 
the sense probe serves as a negative control. Following transfec- 
tion, however, both the sense and antisense probes would be 
expected to recognize vector DNA. The stronger signal observed 
with the antisense probe indicates transcription. This was seen 
for the hisD gene which is transcribed from a vector promoter 
In most hybridizing cells, the signal obtained with the antisense 
human CFTR probe (Fig. 2b) was also greater than that 
obtained with the sense probe (c), implying that human CFTR 
mRNA ts expressed following transfection. 

The data in Fig. 3 show hybridization to sections through 
different regions of the lungs of a mouse which had been 
transfected with pREPS-CFTR. No expression of endogenous 
mouse cftr mRNA was delected in any region of the lung (data 
not shown), consistent with previous studies showing low-level 
cftr expression in rodent lung ,4 t and with detailed studies of 
these transgenic animals (A.E.O.T. era/., manuscript in prepar- 
.ation). This shows that the transfection protocol does not induce 
expression of endogenous mouse cfir mRNA- Human CFTR 
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6 xi ml rinses In efflux buffer (loading Duffer with 136 mM NaNO, replaclntf 
the NaO. Cells were then washed with l ml efflux Duffer for l mln uslnfi a 
sample-replace procedure. After the fifth 1-min sample (designated time 
0) cAMP-egonlsts (1 mM 3.isc^>uty<.l.rnethylxanthlne (I6MXI. 200 uM 
<*butyryUAMP, 10 »M forskolla dissolved in DMSO) wereTTuo^d in £e 
emu* buffer. The concentration of Iodide In each l-mi aliquot was determined 
using an Iodide -specific electrode ONU systems). 
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expression was seen in the airways of three out of four animals 
transfecred with pREPS-CFTR and, in at least one transfected 
animal, human CFTH sequences were detected in all five lobes 
of the lung. Positive cells were detected in large and small 
airways (Fig. 2a-tf*), and in cells lining the air spaces of the 
more distal regions of the lung (e-j). It appeared to be the 
surface epithelial cells of the airways that had been transfected 
Colocalization of the CFTR signal with the hisD probe (Fig. 2), 
confirmed that the signal was a consequence of transfection. 



Fid 2 Detection of human CFTR 
by in situ hybridization In mouse 
airways following in vivo trans- 
fecbon. a-/; Data obtained for a 
™ous e transfected with pfiEP8- 
CFTR ^ G-f, con trols for an un trans- 
fected mouse. The probes used 
were against human CFTR exons 
1-6 (e-c and g-t) or trie hiaO 
vector sequences {d-f and j-J). 
Pot each example, three panels 
are shown: (1) a brlghtfleld view 
of a section hybridized with the 
antlsense probe, to illustrate 
tissue morphology U <X g. y); (2) a 
aarkfisid view of the same section 
(6, e, h, k); (3) a darkfiaid view of 
an adjacent section probed with 
the control sense probe (c, /. (, /). 
Scale oar. 2O0 y.m. Similar 
results were obtained with 
several animals. 

METHOOS. Mice were given 
enough avertln by intraperitone^ 
Injection to induce very light 
anaesthesia. For transfection, 
-100 jig plasmld ONA was 
mixed with 25 jtg Upofectin in a 
total volume of 50>il and 
administered to mice by tracheal ~ 
instillation in two loads by Inzer- 
• tton of a metal applicator, adapted 
from a 25-gauge blunted syringe 
needle, through the mouth and 
into the trachea to the point 
where, the main bronchi branch 
off. The animals used weighed 
between 5 g and 12 g. Four days 
after transfection, in sttu 
hybridization was performed on 
perfu&on-ftxed tissue by a 
modlficaiion of the method 
described by Simmons et a/. 30 , as 
described previously 13 . 35 s. . 
labelled RNA probes were synthe- 
sized in vitro by run-off transcrlp- 
tk>n from plasmld DMA, Incor- 
porating [ 3S sjbTP. The antlsense 
and sense (control) prooes were 
derived from opposite strands of 
the same piasmid. The plasmlds 
used for probe generation were 
as follows. The two human CFTR 
probes, corresponding to nucleo- 
tides 62-645 (exons 1-6) and 
nucleotides 1,977-2.461 (exon 
13) (numbering according to 
reM). nave been described 
previously 18 . The mouse cftr pro- 
bes were derived by reverse Iran. 
scrip tase PCR from moose testis 
mflNA and corresponded to 
nucleotides 305-691 of axons 3- • 
5. The NsO vector probe ~as 

3lJ °^ etS tr0t ? pREPQ an0 responded to nucleotides 3,167-3,851 All 
probes were cloned into Bluescrlpt vectors (S.ratagene). After developing. 
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Thus, transfection is effective and expression of human CFTR 
throughout the airway was achieved. 

To determine whether delivery of CFTR cDNA to the airways 
could correct the ion transport defects apparent in CF we used 
a recently developed mouse model 0 -' 7 . These transgenic tcf/cf) 
mice are homozygous Tor a null mutation in cftr. and express 
little or no detectable endogenous <ftr mRNA (A.E.O.T cr al 
manuscript in preparation). CFTR-dependent, cAMP-stimu- 
lated chloride conductances arc greatly reduced in the airways 
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sections were counterstained with heematoxylln and eosln and photograprwJ 
w-in* . -n Micropnot FX microscope. 
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and caeca of these mice t compared with normal (+/+) animals 
mimicking features of che human disorder 17 . The mice frequently 
die shortly after birth as a consequence of intestinal blockages* 
ion transport in ihe trachea was measured by voiiage damping 
« zero potential, using pharmacological agents to eliminate or 
stimulate various processes (Fig. 4). Measurement were also 
made with the caecum of the same animal as an internal control. 
Figure 4A shows a set of typical results, and Fig. 4* a compila- 
tion of the data. For each tracheal preparation, three measure- 
ments were made; amiloride-sensitive sodium absorption (label- 
Ia Jet }l cAMP^sumulated chloride secretion (labelled CF 
cAMP), and Ca -stimulated chloride secretion (labelled CF 
)- As expected, CFTR-dependcnr. cAMP-stimulated 



chloride secretion was significantly reduced (/><O.Ol) in both 
ihc tracheas and caeca of the cf/cf mice compared with the 
TxT* (+/+) miCe ' Thcre was no significant difference in the 
d ™f; slimu,atcd chloride secretion between untreated and 
pREPS-transfected normal mice, indicating that iransfeciion 
itself has no effect on ion transport. Most importantly, transec- 
tion of cf/cf mice with pREP8-CFTR restored the cAMP-stimu- 
lated chloride secretion in the trachea to a level comparable 
with that of normal (+/+) animals. In sharp contrast transfec 
tion of the t>//c/mice with the vector pREPS had no significant 
effect on the cAMP-stimulated chloride secretion in the trachea 
The caecum of <f/cf mice Iransfected with pREPS-CFTR 
showed no appreciable cAMP-siimulated chloride secretion 



AG. 3 Detection of human CFTR in different regions of the 
mouse airway following transection. Sections from different 
regions of tne airway of a mouse transf ected with oREPS-CFTR 
* efe hybridized with numan antisense CFTR probes corres- 
' Ponding to either exons 1-6 (a-f. L j) or exon 13 (g and h). * 
b-4 Expression of human CFTR in small and large airways- 
e-l expression in airspaces In the more distal regions of the 
•kmg Some variation was found in the propo/cion of cells 
irertsfected In different animals which procaoly reflects 
deferences in the amounts of DNA delivered. Scale bar 
100 >*m. See -legend to Fig. 2 for details of methods and" 
hybridization prooes. 
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FK1 4 Correction of the ion channel defects in the trachea of transgenic 
(cf/cf) mice. A, Sample traces showing examples of the data from which 
panel B was compiled. Three paired tracheai/eaecal preparations are shown. 
Upper records show measurements for the caecum and lower records for 
the trachea of the same animal, a, cf/cf mouse transfected with pREPS-CFTR- 
b, V* mouse transfected with pREPS; c. cf/cf mouse t/ansfected with the 
vector pR£P8. Four additions were made to each of the tracheal preparations 
at the time points indicated by dots. FTrst. arnllorlde (100 uJrf) was added 
(aplcaily) to block electrogenic sodium aft sorption and to ensure subsequent 
current Increases were not due to this activity. EC M for arnllorlde Is -1 »M 
and 100 uJvl will give essentially 100% inhibition 31 . Second, forskolln (10 |*M) 
was added to both sides of the membrane to stimulate adenylate cyclase 
and activate cAMP-sensitive chloride channels, Increasing chloride secretion. 
Third, the Ca 2 * ionophore A23187 (1 yM) was added to both sides of the 
membrane to activate Ca 3 * -dependent chloride secretion. The ionochore- 
induced responses were much slower than those Induced by f orskolin. Finalfy 
frusemide (1 mM) was added basolateralfy to block chloride secretion' 
confirming the nature of the electrogenic transoorting activity. Frusemide 
(1 mM) Inniblts over 90% of CI" secretion 17 . Calibrations for the trachea 
ere the same In each panel. Caecal preparations (upper records) received 
two additions, forsHolin (10 added to both sides of the membrane) and 
frusemide (1 mM. added basotaterally). Other additions are specifically label- 
led: C. carbachol (10 nMh K histamine (10 uJvl). In both the caecum and the 
trachea the chloride secretory responses were Inhibited by frusemide. 
Indicating mat they are due to electrogenic chloride secretion from the 
basolateral to the luminal side of the epithelium. In 8 out of 10 cf/cf caeca, 
frusemide led to a slight Increase In short-circuit current (5SC) {c, upper 
record); this is probatory due to a blockage of secretion and Is typical of 
the caecum of cf/cf mice 17 . B. Compilation of the data. Mice were subjected 
to thr ee dif ferent treatment protocols: a, cf/cf mice transfected with 
PREP8-CFTR; b, 4-/+ mice transfected with the vector pREPfl; c cf/cf mice - 
transfected with the vector pftgps. Four animals in each group were matched 
based on a compromise between weight and age. Data were only Included 
when paired airway and caecal measurements couid be made for the same 
animal. The genotypes of the transfected mica, and of the ptesmld DNA 
with which they were transfected. was-unknown at the time the measure- 
ments were made. For each treatment regime, three, sets of data are shown. 
(1) The left hand columns show SCC measurements for the trachea. Three 
measurements of SCC changes are presented: Na^, amfloride-sensltive 
sodium absorption 31 : CP camp, SCC change induced by forskoJIn, presumed 
to reflect CFTR function 1732 : a" Ca 2 *, SCC change induced by the addition - 
of the calcium ionophore A23187. As about 50% of the basal current in 
the airways was due to sodium absorption, chloride secretion was measured 
after me addition of amilorlde (100 jiM) which abolished electrogenic sodium 
absorption. (2) The central columns show SCC measurements for the 
caecum. Only cAMP-sensitNe chloride secretion (a* cAlvF). induced by the 
addition of forsKolln (IOjiM). was measured: Amiloride was not added 
because the caecum shows no sodium absorptive current 1 7ja . (3) The 
rfght-hand columns show the weights of the animals used (mean ±. s.e.m.). 
Note: che Ion transport characteristics of 4/6 p«EP8-CFTR transfected cf/cf 
mice were altered by iransfecttom me reason for the failure of the other 
two mice is almost certainly failure In delivery. Nevertheless, the forskolln- 
sensitive SCC (CP cAMP) In the whole group Including the two failures 
(9.2 ± 2.6 u. A cm '-^ n=6) was significantly greater (P<0.06, Mann and 
Witney test) than the value for cf/cf mice (1.9*0.5 cm ~ 2 , n = 4>_ Finally, 
data for two other groups of animals were obtained although these. are not 
Illustrated In the figure. Untreated, wild-type {+/+) mice (n = 5: weight 
±s.e.m. = 32.2 ± 2.9 g) had transport parameters as follows (mean* s.e m h 
for the trachea Na' = 10.7 ± 4.3 u.A cm" 2 , CP cANF - 11,4 ± 4.3 jlA cm ~ 7 . 
CI Ca " = 12.1*4.7 iiAon -2 ; for the caecum CP cAMP = 35.6± 
7.0 ilA cm " . Heterozygous (d/ +) mice transfected with pREPS-CFTR (n = 2: 
mean weight, 7.0 g) had the following transport parameters (mean* s.evn h 
for the trachea: Na* =4,5^ cm' 2 , a - cAn*>~6,6 m>A crrr*. CPCa 2 *= 
S.2t*AcTTp ; for the caecum CPcAMP » 104.6 ^A cm" 2 . Note that the 
forskolirwsensltrve currents (CP cAMP) in the trachea were smaller than 
those reported previously for wild-type mice 17 . This Is undoubtedly a con- 
sequence of edge damage caused by using only 2.27 mm 2 areas of trachea 
In the present study, necessitated by the small size of the cf/cf mice, 
compared with 4 mm 3 areas of trachea in previous studies. 
A<erHODS, Transgenic mice were genotyped by PC* and/or Southern blot 
analysis as described 17 . Introduction of piasmld DMA Into the mouse airways 
was as described in the legend to Fig, 2. Trachea and caeca were removed 
from tne transfected animals killed by exposure to 100% CO a . A single 
tracheal preparation (2.27 mm 2 ) and a single caecal preparation (20 mm 2 ) 
was prepared from each animal. The reduction in tracheal area, compared - 
with a previous report 17 was due to the necessity of using animals as small 
as 5 g. The trachea were cleaned and cut longitudinally alor* the dorsal 
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surface and a piece placed under microscopic control in a specially construc- 
ted Usslng chamber designed to preserve the curvature of the tissue. 
Electrogenic Ion transport was measured directly as SCC recorded by voltage 
damping the tissue at ?ero potendal, as described previously 17 . 
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compared wiih the control (+/+) mice, confirming the genotypes 
or che mice and that the transfection procedure did not affect 
the gut. Thus, the transfection procedure used can restore CFTR- 
dependent, cAMP-siimulated chloride secretion by airway eni- 
ihelia to normal levels. 

In the airways of human CF patients there is an increase in 
unilonde-scnsiuve sodium absorption, as well as a decrease in 
chloride secretion, compared with controls' 8 - 20 , It has been 
iuggested that this is crucial to the development of the disease 
nate, as application of amiloride by aerosol alleviates the decline 
in lung function in CF 21 * 22 . h is not yet clear how a loss of 
function leads to this increase in sodium absorption In 
contrast to the human, sodium absorption was reduced in the 

SDRwfc^h" (Kl * 4 *\i ^nsfcaion of the cf/cf mice 
wim pKtr'8-CFTR, but not with the vector pREP8, significantly 
increased sodium absorption (seven, to eightfold; P<0 05) to 
essentially wild-type (+/+) levels (Fig. 45). Thus, secondary 
Werauons in sodium transport were also corrected to wild-type 
tevels by the transfection protocol used. Finally, Ca^-induced 
cnlondc secretion reflects an alternative pathway for chloride 
secreuon in the airways distinct from the CFTR pathway 4 ' 23 
Ca -stimulated chloride secretory currents were not defective 
in cj/cf trachea, compared with trachea of normal (+/+) mice 
r C VD C / C D SI !. nificanl,y increase d following transfection with 
CFTR (P<0.QS; Fig. 45). This latter increase is probably a 
consequence of hyperpolarization through Ca^-sensilive K* 
channels, which increases the electrochemical gradient for Cr 
cx.t through the introduced CFTR channels and the pre-existing 
second pathway 24 . K 5 

These data show that the ion transport defects in CF can be 
corrected in vivo. Liposomes, which in clinical trials have been 
ihown to be non-toxic and non-immunogenic, may be safer than 
viral vectors which have the inherent risks of immunogenicity 
replication and transmission. Our results illustrate the invaluable' 
role of transgenic null cf/cf mice in assessing the efficiency of 
vanous gene therapy approaches. We have shown that functional 

defect of the trachea (that is, the cAMP-srimuIaied chloride 
secreuon), but also corrects secondary alterations in sodium 
absorption which arc a consequence of loss of CFTR function 
mere seems to be no reason why this approach should not be 
transferable to humans for the treatment of the pulmonary 
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Germ-line transmission and 
expression of a human-derived 
yeast artificial chromosome 

Aya Jakobovits, Amy L. Moore, Larry L. Green, 

German . J. Vorgara, Catherine E. Waynard-Currle, 
Harry A. Austin & Sue Klapnolz 

Cell Genesys inc.. 322 Lakeside Drive. Foster City, Californi a 94404 USa 

INTHOOUCTION of DNA fragments, hundred, or kilobits in 
sixe, into mouse embryonic stein (ES) cells would ereatly advance 

\ a ^ c t l n, ". n . lpUU " thC mOU ^ g eoome - Mice generated from 
such modified cells would permit Investigation of the function and 
expression of very Urge or crudely mapped genes. Large DNa 
molecules cloned Into yeast artificial chromosomes (YACs) are 
stable and genetically manipul.ble -i.hin yeast 1 , suggesting yeast- 
cell fusion as an ideal method for transferring large DNA segments 
mto mammalian cells. Introduction of YACs into different cell 
types by this technique has b*e„ reported"; however, the incorpor- 
ation of yeast DNA along with the YaC has raised doubts alTto 
-hether ES cells, modified in this way, would be able to recolonize 
a JLTT f ? enn r ' ne * H " e We ' ro ^ «° 0ur knowledge, the Brst 
i^T ™T, * transm,sslon a «» «xpression of a large 

human DNA fragment, introduced Into ES cells by fusion with 
yeast spheropla*, Proper development was no t impaired by the 
comtegration of a large portion of the yeast genome with the YAC 
Yeast spheropiasis, carrying yHPRT, a 670 kilobase (kb) YaC 

( HPRt!?.^ hUma r h ^ OXa !: lhine Phosphoribosyl.rans'ferase 
Sf",' *; e " wll > < he HPRT-dcficien, ES c el | line 
t\tZ « ■ u 1 CI ° nCS ex P ress '"8 HPRT locus were 
, f l ypoxa ! lthine/amino P«"n/lhymidinc (HAT) 
medium (F,g. | | cge „d) an d expanded. The human HPRT R eni 

shown? , Th d by hybridiMli0 " in »» =S «» Cones analysVdfno, 
2™r«;7l" ,nte8ral,on ° L f ad ^«ional human sequences was 
examined by comparing the Alu profile of 37 HAT-resistant 
(ESY) clones to that of yHPRT in yeast. Most, if not all of fhe 
30 Alu fragments characteristic of y HPRT we^ present and of 
.milar relative m.ensity in over 90% of the ESY doncs ^gs 
l« 3B). in clones w,th an incomplete Alu profile (such as ESY 

Integration of YAC vector sequences was invesiieated with 

tot dZ£ T ^VL" yHPRT ' W " S ° bsCrVed in 10 of 20 
ESY clones (Fig. Ib). Th, s vector arm was lost in eight ESY 

clones ifor example ESY 3-1, 3-6, Fig. I ft) a „d rearranged in 

two (for example ESY 8-6. Fig. 16). The left arm probe deSed 

(Fig. If). In total, 8 of the 20 clones (such as ESY 5-2 8-7 7-3 
F.g. Io-c) contained complete Alu profiles and both iniact YAC 
vector arms. 

wJ^ s '™ ctu < a ' inlc erify of yHPRT in ESY clones S-2 and 3-7 
was further evaluated by pulsed-field gel electrophoresis In 
yeas, carrying yHPRT. five SJIl fraamenuof the foUow^g Jh 
sizes were defined by different probes: 3.5 kb (Alu. left 7rni), 
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phospnate-buffered saline (ovemlgnn. wq added 
819 empty capslds (100 u l. 5 ^g/mf) lo each well 
On quadruplicate) and dolectod binding by a 
mouse antt.619 monocJonaJ antibody (Chemicon) 
followed by ,= «l-labe(6d sheep anii-mouse ant*- 
todyjAmcrsfiam). The radioactivity in each wefl 
was counted /or 2 min wiin a 7 counter. There was 
no specific binding wim COH or CTH (methanol 
a^e^nean coun, of 241; COH, mean count of 
\JTn, mean count of 244). and reduced bind- 
ing 10 Forsaman antigen (mean count of 2088) 
conpared I0 giotoaide (mean count of 7458). 
Bl9csD3lds and mouse monoclonal antibody to 
gtchoside bound to the same band on Western 
Womng of red ceil extract, perhaps to a putative 
gioooprateln" (Y. Tonegawa and S. Makomori 



Biocnem. Siophya. fe* Ccmmun. 76, 9 (1977)1 
However, thia band was removed by digestion 

£th TJ° r protease s. more content 
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20. P. P. Mortimer R K, Humonrtea. J. G. Moore. R 
H. Purceit, m. s. Young. Nature 302, 426 (1983) 
mJLT* 1 d8fn 8orno Br J - Wsemaro/. 63, 35 

\190o). 

22. fn addition, our preliminary dale Indlcaio ihat 
individuals who lack P on their cetla (biood^roup 
P pnenofype) have no evidence of previous infec- 
tion wrtn B19. compared with a B19 seropreva. 

« f?f e , rale °* in (he General PopuJation. 
i M ; *£!' S - W - Gfeen * T - Shimada. n. S. Young, J. 
Virol. 86, 4686 (1992). ^ 
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{PhtfodGlpfiia) 3, 278 (1963). 
. C. E. Walsh et at,, Proc. Nati. Acsd. Set. U.S. A 89 
72S7 (1992). 
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,n ry iV ? ?% ne Tnera Py -of Hemophilia B: Sustained 
Partial Correction in Factor IX-Deficient Dogs 

M ft A ^ V C ^ 6Ven notnenb erg, Charles N. Landen, 
?*'9 ht A- Bellinger. Frances Leland, Carol Toman 
Milton Finegold, Arthur R. Thompson, M. S. Read- 
Kenneth M. Brinkhous, Savio L C. Woof 

h 7 2i e L r ! P ? Se 2I S 8 model organ for 9ene thera Py- A method has been developed tor 

Munai vasculature, which- results in the persistent expression of exogenous a«n«< To 
aalerrnlne tfthese technolog.es are applicable for the treatment of h^Sl 8 TaTenL 
finical efficacy studies were done in a hemophilia B dog rrwde LvSSS^^ 

I£'J c f ™ constitutrvely expressed low levels.of canine factor IX for more than s 
mm. Persistent expression of the dotting factor resulted in rSons ^ of ShSeSid 
35^^ t ? ramb °P ,astJ " n «™* of the treated animals. Thus 
of hemophtha B patJents may be feasible by direct hepatic gene th^rap^n So 



Hemophilia 5 Is an X-linked blood coag- 
ulation disorder resulting from a deficiency 
of factor IX produccion in the liver. The 
<kea* affects about 1 in 30,000 males and 
an result in severe bleeding episodes that 
require infusion of blood products that, con- 
tain factor IX (1). As a resale of previous 
human protein replacement therapy, about 
halt of hemophilia B patients arc infected 
with human immunodeficiency virus or 
hepatitis viruses. A virus-free and non- 
thrombogenic factor IX product is now avail- 
able, buc because of high coses the current 
treatment protocols do not include prophy- 



laxis and therapy is initiated after bleeding 
begins. A number of tissues are target organs 
for somatic gene therapy of hemophilia B f 
including fibroblasts, myoblasts, endothelial 
cells, kerarinocyres, and hepatocytes (2-7). 



Because the liver is the organ of factor IX 
synthesis, it represents a natural target for 
gene replacement therapy. 

We have previously reported that hepa- 
tocytes can be transduced in vivo by infusion 
of recombinant retroviral vectors into the 
portal vasculature of mice after partial hep- 
atectomy (8). To determine if the same can 
be achieved in larger animals (such as dogs), 
we infused an amphotropic retroviral vector 
(LBGpgk) that encodes the Escherichia coti 
3-galactosidase gene (S) directly into the 
porta J vasculature of normal dogs three 
times 1 to 3 days after partial hepatecromy 
(Fig. 1). Two weeks later, hepatocytes were 
isolated and stained with 5-brdmo-4- 
chIoro.3Mmdoyl-6.D-galactopyranoside (x- 
Gal) (Fig. 1A). Liver sections from these 
animals were similarly analyzed (Fig. IB). 
The proportion of stained (blue) cells in Fig. 
I represents the in vivo transduction fre- 
quency of hepatocytes and was about I and 
0.3% in two animals. Additional tissues, in- 
cluding kidney and spleen, did not stain blue 
with x-Gal. These transduction efficiencies 
are similar co chat previously observed in 
mice (8). Routine histologic analysis re- 
vealed no pathologic conditions in the liver. 
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Rg. 1. Reiroviral vector-mediated gene (rangier 
. o( canine hepatocytes in vivo. A two-thirds partiai 
hepatecromy was performed in two, 9-week-ofd 
normal dogs (3.5 kg) by resecting the left medial 
left lateral, right medial, and caudate lobes The 
right lateral tobe and Its segmental blood supply 
and biliary drainage were preserved. The distal 
tip of a porta-cath catheter (Access Technology, 
Skokie, IL) wag cannuJated into a splenic vein' 
The injection port was placed subcuraneousty 
under the right lateral abdominal wall. The 
LBGpgk vector was collected from confluent 
packaging cells cultured in Hg DMEM and 1% 
Hyclone for 12 hours. About 85 ml of filtered - 
supemaiants containing 9 x 10 7 colony-forming 
units was mixed with Polybrene (20 M^ml) and 
infused over 45 to 90 min through the catheter 24 
48, and 72 hours after the heparectomy. The 
animals tolerated the procedure well except for 
occastonai vomiting and transient pallor during 
the beginning of the first infusion, When the dogs 
were killed, hepatocytes were isolated, cultured 
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An arnphotropic retroviral vector chat 
encoded the canine factor IX complemen- 
tary DNA (cDNA) (LX-cFIX) was con- 
structed (9) and transduced into rac embryo 
20SF cells (8) to assess i« ability for in vitro 
expresiion of factor IX. The media were 
changed daily, and canine factor IX was 
measured by enzyme -linked immunosorbent 
assay (ELISA) (8, 10) wich a species-specif- 
ic polyclonal antibody that was prepared as 
described (11). The transduced rodent cells 
produce 225 ng of canine factor IX antigen 
per 10 6 cells per day, whereas control cells 
produce no detectable factor IX (12). This 
recombinant retroviral vector was used for 
infusion into chc portal vasculature of four 
hemophilia B dogs (Tabic 1) from the 
Chapel Hill inbnjd strain (13). The molec- 
ular defect in chose dogs is a misscmc 
mutation in the catalytic domain of factor 
IX that results in a complete lack of antigen 
in the plasm* (14). A partial hepateccomy 
was performed in these experimental ani- 

Flg. 2. Plasma factor IX conceniraiions and 
WBCTs in hemophilia 8 dog 1 after hepatic 
transduction with the LTR-cFIX retroviral vector. 
The plasma factor IX concentrations were deter- 
mined Immunologically by E USA and by bioas- 
say. The bioassays were performed by a modi- 
fied one-stage method (76) in which a kaoilrv 
activated canine hemophilia B plasma was used 
as a substrate, a limiting dilution of a normal 
canine plasma pool was used as reference plas- 
ma (1 1 .5 M^/ml), and lesi plasmas were diluted in 
a i :1 0 ratio. The value ol 1 1 .5 ng/ml was estimat- 
ed from the ratio of the concentration of normal 
human factor IX activity (5.0 M-g/ml) to the con- 
centration of normal canine factor IX activity. 
Hemosiatic lesllng consisted of a determination 
of the WBCT (with the two-tube method at 28*C 
with the use of sJlicone-coated tubes lilted every 
30 s until cloned). (A) Values for the antigen 
concentrations of factor IX are shown in solid 
symbols, and the values from the bioassay are 
shown in open symbols. (B) The WBCTs in dog 1 
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mals, followed by che infusion of che LX- 
cFIX retrovirus 24, 48, and 72 hours after 
partial hepatectomy ■ (Table 1). Factor IX 
concentrations in their plasma were mea- 
sured by biologic and immunoassays (Figs. 
2A and 3A). The hemostatic parameters 
were monitored by changes in the whole 
blood ciocting time (WBCT) (Figs. 2B and 
3B) and partial thromboplastin time (PTT) 
(Table 1). These ccscs are indexes of che 
intrinsic pathway of clotting in which fac- 
tor IX is the key componcnt- 

In dog 1 , the plasma factor IX increased 
from undecectable amounts co a range of 2 
to 6 ng/ml; these levels have been main- 
tained consticutively for over 5 months 
(Fig. 2A), and there is close agreement 
between the biologic and immunoassay 
results. Most importantly, this dog had a 
WBCT of 15 to 20 min during the 
* 5-month period after treatment, whereas 
the WBCT for untreated factor IX-defi- 
cient litcermates ranged from 45 co 55 min 




100 



150 



50 

, , r „, x _ t , , 1W „ ww _ f „ , r , , Deys after Infualon 

(solid squares), two affected hemophilia a IHlermales (open squares), and the range in normaJ dogs 
(open circles). The days after Infusion represent the number of days after the firsl retroviral infusion: 
day 0 represents measurements from samples obtained before any procedural manipulations. 

Table 1. Hemophilia B dogs used in a gene therapy protocol {23). The weight and age were 
recorded on the day the study was started. The methods for partial hepatectomy were essentially 
the same as outlined in Fig. 1 . Blood samples were obtained from the animals before surgery and 
hemostatic coverage was maintained with multiple infusions of normal fresh frozen plasm given 
immediately before and for 24 hours after the operation (57.4 To 72.7 units of factor IX per kilogram 
01 body weight). Circulating factor IX from plasma infusions in untreated' animals is cleared wilhln 8 
to 10 days {22). The PTTs (24) were obtained from two to four samples before the start of the 
experiments (Before) and then were analyzed 6 to 10 times for each animal on different days starting 
ai least 11 days after the viral infusion (After). The limes shown indicate reactivated PTTs, which 
for normal dogs are 42 to 47 s. The standard deviations are in parentheses 



Dog* 



Weight 
(kg) 



Age 
(weeks) 



Infusion 
volume 
(ml) 



PTT ( 8 ) 



Before 



After 



1 
Z 
3 



5.3 
7.3 
6.7 



11 

14 
14 



510 
720 
720 



•One animal died as a result of a surgical compUcatton and was nol inducted. 



322 (15) 
262 (0.8) 
195 (13) 



1 74 (6.5) 
180 (7.5) 
154 (8.6) 
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(Fig. 2B). A long WBCT is character^ 
of a dog colony severely deficient in facta' 
IX; normal dogs, on the other hand, havf 
a WBCT of* 6 co 8 min (Fig. 2B). In vicro 
addition of normal dog plasma to whole, 
blood from hemophilia B dogs co a final; 
concentration of 3 ng/ml reduced eht» 
WBCT to 20 min. This is in agreemerV 
*ich the WBCT and factor IX concentra- 
tions obtained in dog L after creatmea 
(Fig. 2). The PTT for dog 1 was aim , 
shortened from 322 before treatment ta 
174 seconds after treatment (Table 1). 

Plasma from dog 2 showed factor . D 
concentrations similar to that of dog I- 1 
(Figs. I A and 3A), whereas dog 3 bai < 
slightly greater concentrations, rangii* ' 
from 3 to 10 ng/ml (Fig- 3 A), Both dogsT c 
and 3 had similar reductions' in ther 
WBCT, from pretreatment values of 44 te 
47 min co 13 co 26 min after treatment (Flfc 




20 30 40 
Days «fUr tnfu«fon I 

Fig. 3. Plasma factor IX ebneen [rations ed 
WBCTs in hemophilia 5 dogs 2 and 3 afe 
hepatic transduction with the LTR^cFIX retroi 
ral vector. The hemostatic characterization 
were as described (Pg, 2). (A) The values b 
the antigen concentrations are in solid symbi 
Dog 2, squares; dog 3, circles. Values from ft 
bioassay are In open symbols. (B) Wnoie bta 
clotting times. Dog 2. open squares; dog] 
solid circles. The study on dog 2 terminated a 
day 42 as multiple transfusions were given I 
hemorrhage. Dog 3 developed a minor bled 
ing episode that required one infusion ol norm 
dog plasma on day 26, which accounts for at 
hiatus in data for days 27 to 36. Prevbr 
studies (22) have shown that by 10 days a*? 
infusion exogenous factor IX is undetectable 
bioassay. 1 
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3B). The PTTs.in dogs 2 and 3 were also 
decreased significantly (Tabic 1). To fur- 
(hcr establish the biological activity of plas- 
ma factor IX, we treated samples from dogs 
I and 3 with barium sulfate to remove 
T<arboxylatcd proteins, including factor 
IX (15). The barium sul face-treated plas- 
mas of rreated dogs had a prolonged PTT 
chat was similar to the pretreatmenc PTT 
values. 

Our study demonstrates the feasibility 
of in vivo retroviral-rnediated gene trans- 
fer into the liver of a large animal, which 
results in phenocypic improvement of a 
deficiency syndrome. The factor IX anci- 
gen amounts achieved after gene transfer 
*ere only about 0.1% of the endogenous 
concentration of factor IX in normal ani- 
mals, which demonstrates that the consti- 
tutive expression of a relatively small 
quantity of the factor IX protein is suffi- 
cient co cause a reduction in the WBCT 
and a shortening of che PTT. Our data 
indicate that che WBCT is extremely sen- 
sitive co changes in factor IX concentra- 
tion in the hemophilia B dogs. In moder- 
ate and mild human hemophilia patients 
wirii shortened WBCT and factor levels in 
the 3 to 6% range, there is still a risk of 
hemorrhage, although both the frequency 
and the severity of episodes are consider- 
ably less than those of severely affected, 
individuals (16). For future human appli- 
cations, however, increased circulating 
facTor IX levels must first be achieved. 
This may be accomplished by developing 
methods that lead to greater efficiencies of . 
hepatocytc transduction in vivo and by 
wearing expression vectors with stronger 
promoters. These reservations nocwith- 
nanding, our results illustrate the efficacy 
of in vivo gene therapy of hemophilia B 
and other mecaboltc disorders secondary to 
hepatic deficiencies. 

Not* added in proof. Plasma factor IX con- 
centrations and WBCTs remained at the 
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same values at 9 months after treatment for 
dog 1 and 6 months after treacmcnt for dog 3. 
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Abstracts 



The liver represents a model organ for gene therapy. A method has been developed for 
hepatic gene transfer in vivo by the direct infusion of recombinant retroviral vectors into the 
portal vasculature, which results in the persistent expression of exogenous genes. To 
determine if these technologies are applicable for the treatment of hemophilia B patients, 
preclinical efficacy studies were done in a hemophilia B dog model. When the canine factor IX 
complementary DNA was transduced directly into the hepatocytes of affected dogs in vivo, 
the animals constitutively expressed low levels of canine factor IX for more than 5 months' 
Persistent expression of the clotting factor resulted in reductions of whole blood clotting and 
partial thromboplastin times of the treated animals. Thus, long-term treatment of hemophilia B 
patients may be feasible by direct hepatic gene therapy in vivo. 



Hemophilia B is an X-Iinked blood coagulation disorder resulting from a deficiency of 
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factor IX production in the liver. The disease affects about 1 in 30,000 males and can result in 
severe bleeding episodes that require infusion of blood products that contain factor DC LU As 
a result of previous human protein replacement therapy, about half of hemophilia B patients 
are infected with human immunodeficiency virus or hepatitis viruses. A virus-free and 
nonthrombogenic factor IX product is now available, but because of high costs the current 
treatment protocols do not include prophylaxis and therapy is initiated after bleeding begins. A 
number of tissues are target organs for somatic gene therapy of hemophilia B, including 
fibroblasts, myoblasts, endothelial cells, keratinocytes, and hepatocytes f2-7l . Because the liver 
is the organ of factor DC synthesis, it represents a natural target for gene replacement therapy. 

We have previously reported that hepatocytes can be transduced in vivo by infusion of 
recombinant retroviral vectors into the portal vasculature of mice after partial hepatectomy [81- 
To determine if the same can be achieved in larger animals (such as dogs), we infused an 
amphotropic retroviral vector (LBGpgk) that encodes the Escherichia coli beta-galactosidase 
gene Uii directly into the portal vasculature of normal dogs three times 1 to 3 days after partial 
hepatectomy Figure i. Two weeks later, hepatocytes were isolated and stained with 5-bromo-4- 
chloro-3-imdoyl-6-D-galactopyranoside (x-Gal) Figure 1 A. Liver sections from these animals 
were similarly analyzed Figure IB. The proportion of stained (blue) cells in IugunUrepresents 
the in vivo transduction frequency of hepatocytes and was about 1 and 0.3% in two animals. 
. Additional tissues, including kidney and spleen, did not stain blue with x-Gal. These 
transduction efficiencies are similar to that previously observed in mice [Hi. Routine histologic 
analysis revealed no pathologic conditions in the liver. 




n ft uw Retroviral vector-mediated gene transfer of canine hepatocytes in vivo. A 
two-thirds partial hepatectomy was performed in two, 9-woek-oid normal dogs (3.5 
kg) by resecting the left medial, left lateral, right medial, and caudate lobe*. The right 
lateral lobe and its segmental blood supply and biliary drainage were preserved. The 
distal tip of a porta-cath catheter (Access Technology, Skokie, IL) was cannulated 
into a splenic vein. The injection port was placed aubcutancousiy under the right 
lateral abdominal wall. The LBGpgk vector was collected from confluent packaging 
cells cultured in Hg DMEM and 1 % Hyclonc for 12 hours. About S5 ml of filtered 
supernatant* containing 9 times 10 7 coloay-forming units was mixed with Polybrene 
(20 mu g/mi) and infuacd over 45 to 90 min through the catheter 24, 48, and 72 
hours after the hepatectomy. The animals tolerated the procedure well except for 
occasional vomiting and transient pallor during the beginning of the find infusion. 
When the dogs were killed, hepatocytes were isolated, cultured um, and stained with 
x-Oal £*1 (A) (original magnification, times 200), and (B) liver sections were stained 
with X-Gal and counters taincd with neutral red [ft] (original magnification limes 
400). ' 



An amphotropic retroviral vector that encoded the canine factor DC complementary DNA 
(cDNA) (LX-cFDC) was constructed na and transduced into rat embryo 208F cells \H[ to 
assess its ability for in vitro expression of factor IX. The media were changed daily, and canine 
factor IX was measured by enzyme-linked immunosorbent assay (ELISA) is. toi with a species- 
specific polyclonal antibody that was prepared as described [nj. The transduced rodent cells 
produce 225 ng of canine factor DC antigen per 10 6 cells per day, whereas control cells 
produce no detectable factor IX £121. This recombinant retroviral vector was used for infusion 
into the portal vasculature of four hemophilia B dogs Table i from the Chapel Hill inbred strain 
021- The molecular defect in these dogs is a missense mutation in the catalytic domain of 
factor IX that results in a complete lack of antigen in the plasma Lin. A partial hepatectomy 
was performed in these experimental animals, followed by the infusion of the LX-cFDC 
retrovirus 24, 48, and 72 hours after partial hepatectomy Table l . Factor IX concentrations in 
their plasma were measured by biologic and immunoassays Figure s. 2A and 3 A). The 
hemostatic parameters were monitored by changes in the whole blood clotting time (WBCT) 
(Figs. 2B and 3B) and partial thromboplastin time (PTT) Tiiblc i . These tests arc indexes of the 
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intrinsic pathway of clotting in which factor IX is the key component. 
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I^U. Hemophilia B dogs used m a gene therapy protocol izj]. The weight and age 
were recorded on the day the study was started: The methods for partial hepatccW 
. . , JL . wcrc essentially the same a* outlined in H*,^ l Blood samples were obtain^ fmrrT 

the animals before surgery, and hemostatic) coverage was maintained with multifile intf^<, 'fTUfiftTi. r . from 
immediately before and for 24 hour* afler the option (57.4°*? ! 7 unTta ofE S« ^ETJS? » ven 
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^££2. Plasma factor DC concentrations and WBCTs in hemophilia B dog 1 after 
hepatic transduction with the LTR-cFDC rctrovirai vector. The plasma factor DC 
concentrations were determined immunologically by ELISA and by bioassay The 
bioassays were performed by a modified one-stage method [1*] iu which a 
kaolinactiyatcd canine hemophilia B plasma was used a* a substrate, a limiting 
dilution ot a normal canine plasma pool was used aa refcrenco plasma (1 1 5 mu 
g/ml), and test plasma* were diluted in a 1 ; 1 0 ratio. The value of 1 1 .5 mu g/m| was 
esumated from the ratio of the concentration of normal human factor DC activity (5 0 
mu gr'mi) to the concentration of normal canine foctor DC activity. Hemostatic teatinjj 
consisted of a determination of the WBCT (with the two-tube method at 28 degrees 
C with the use of inhcone^oatcd tubes tilted every 30 5* until clotted). (A) Values for 
the antigen concentrations of factor DC are shown in solid symbol*, and the values 
from the bioassay arc shown iu open symbols! (B) The WBCTs in dog 1 (solid 
squares), two affected hemophilia B Irttcrmatcs (open squares), and the range in 
normal dogs (open circles). The days after infusion represent the number of days 
after the tint retroviral mfusion; day 0 represents measurements from samples 
obtained before any procedural manipulations. 
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naaiU.' Plasma tactor DC concentrations and WBCTa in hemophilia B dogs 2 and 3 
after hepatic transduction with the LTR-cFDC retroviral vector. The hemostatic 
characterization* were as described P*nim:2. (A) The values for the antigen 
concentrates are in solid symbols. Dog 2, squares; dog 3, circles. Values from the 
bioassay are in open symbols. (B) Whole blood clotting times. Dog 2 T open squares; 
dog 3 solid circles. The study on dog 2 terminated on day 42 as multiple 
transfusions were given for hemorrhage. Dog 3 devclopod.a minor bleeding episode 
that required one mfusion of normal dog plasma on day 26, which account* for the 
tJuatus in data for days 27 to 36. Previous studies fnj have shown that by 10 days 
after infusion exogenous factor DC is undetectable by bioassay. 



In dog 1, the plasma factor IX increased from undetectable amounts to a range of 2 to 6 
ng/ml; these levels have been maintained constitutively for over 5 months(figure 2A) and there 
is close agreement between the biologic and immunoassay results. Most importantly this doc 
had a WBCT of 15 to 20 min during the 5-month period after treatment, whereas the WBCT 
«m^?? atcd faCt ° r DC - deficient littennates ranged from 45 to 55 min(£igure 2b") A lone 
WBCT is characteristic of a dog colony severely decent in factor IX normal dogs on the 
°?T h k ? d \ h r e » WBCT of 6 to 8 min Figure - .1 vitro addition of normal doi plasma to 
whole blood from hemophilia B dogs to a final concentration of 3 ng/ml reduced the WBCT to 
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20 min. This is in agreement with the WBCT and factor IX concentrations obtained in dog 1 
after treatment Figure 2 , The PTT for dog I was also shortened from 322 before treatment to 
1 74 seconds after treatment Table l . 

Plasma from dog 2 showed factor IX concentrations similar to that of dog 1 (Figs. 2A and 
3 A), whereas dog 3 had slightly greater concentrations, ranging from 3 to 10 ng/ml Figure 3 A. 
Both dogs 2 and 3 had similar reductions in their WBCT, from pretreatment values of 44 to 47 
min to 18 to 26 min after treatment Figure 3B. The PTTs in dogs 2 and 3 were also decreased 
significantly Table i. To further establish the biological activity of plasma factor IX, we treated 
samples from dogs 1 and 3 with barium sulfate to remove gamma-carboxylated proteins, 
including factor IX jjsi. The barium sulfate-treated plasmas of treated dogs had a prolonged 
PTT that was similar to the pretreatment PTT values. 

Our study demonstrates the feasibility of in vivo retroviral-mediated gene transfer into the 
liver of a large animal, which results in phenotypic improvement of a deficiency syndrome. The 
factor IX antigen amounts achieved after gene transfer were only about 0.1% of the 
endogenous concentration of factor IX in normal animals, which demonstrates that the 
constitutive expression of a relatively small quantity of the factor EX protein is sufficient to 
. cause a reduction in the WBCT and a shortening of the PTTr Our data indicate that the 
WBCT is extremely sensitive to changes in factor IX concentration in the hemophilia B dogs. 
In moderate and mild human hemophilia patients with shortened WBCT and factor levels in 
the 3 to 8% range, there is still a risk of hemorrhage, although both the frequency and the 
severity of episodes are considerably less than those of severely affected individuals 1J61. For 
future human applications, however, increased circulating factor IX levels must first be 
achieved. This may be accomplished by developing methods that lead to greater efficiencies of 
hepatocyte transduction in vivo and by creating expression vectors with stronger promoters. 
These reservations notwithstanding, our results illustrate the efficacy of in vivo gene therapy 
of hemophilia B and other metabolic disorders secondary to hepatic deficiencies. 

Note added in proof: Plasma factor IX concentrations and WBCTs remained at the same 
values at 9 months after treatment for dog 1 and 6 months after treatment for dog 3. 
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removed by Bel I -Bam HI digestion and religation. The cloned DNA was transfected into GP plus E-86 ecotropio 
packaging cells "RF 18 - , and supematants were used to infect amphotropic GP plus AMI 2 ceils *RF 19*. The single- 
clone that gave the greatest amount of cFIX production in transduced 208F cells wa3 titcred *RF 20* by limiting 
dilution PCR *RF 21 * and found to have a concentration of 2 times 10 sup 6 colony-forming units per milliliter. 

rConli^l Link! 

10. M. A. Kay et si., Proo. Natl. Acad. ScL U.S. A 89, 89 (1992). iConcsi I ,fnl-| 

11. Al Thompson, J. Clin. Invest 59, 900 (1977). fCwitwrtJLinkl 

12. Viral supematants contained Porybrcne (8 mu g/ml) (Sigma) at a multiplicity of infection of 10 *RF 8*. Control 
cells were infected with an equal amount of LBGpgk virus. The supematants from transduced cells were collected at 
24-hour intervals and analyzed for cFDC. The LBGpgk-infected cells were stained with x-Gal, and approximately 30 to 
40% of these cells stained blue. [Context i.inL-i - 

13. EC. M Brinkhous, P. D. Davis, J. B. Graham, W. J. Dodds, Blood 41, 577 (1973). fConu^i Linfcl 

14. J. P. Evans et al, Proc. Natl. Acad. Sci. U.S.A. 86, 10095 (1989). Kontcxt Mnl-i 

15. J. H. Axelrod, M. S. Reed, YL M. Bnnkhous, I. M. Verma, ibid. 87, 5173 (\ 990V rcuaiuxt Link! 

16. K_ M. Brinkhous et al., J, Am. Med. Assoc. 154, 481 (1954). tcnmcn i.ini-i . 

17. A. D. Miller and G. J. Rosman, Bio Techniques 7, 980 (1989). 

18. D. Markowitz, S. GofT, A. Bank, J. Virol. 62,1 120 (1988). 

19. , Virology 167, 400 (1988). 

20. C. M. Lynch and A. D. Miller, J. Virol. 65, 3887 (199 1). 

21. Viral supematants were obtained from clonal packaging cell lines and diluted by 10-fold serial dilutions and 
infected 208F cells "RF 20". Factor IX concentrations in the media were detected by ELISA, and 3 days after infection 
the cells were isolated and DNA extracted for PCR amplification with primers specific for the canine factor DC cDNA. 
We compared the PCR signal of the UC-cFIX -infected cells with that of a retroviral vector that contains the cFIX 
cDNA and a selectable marker that has been titered by standard methods "RF 20* and is known to have a titer of 2 
times 10 sup 1 colony-miming units per milliliter. The PCR signal for the LX-cFTX vector is not detectable one 
dilution before the vector with a known titer. Thus, the titer of the LX-oFIX virus is estimated to be 2 times 10 sup 6 
infectious particles per milliliter. 

22. K. M_ Brinkhous, C. N. Landen, M. S. Read, unpublished data. lComcxi t.«nki . 

23. All experimental procedures were in accordance with institutional guidelines at the Baylor College of Medicine 
and the University of North Carolina: Preanesthetic agents included atropine sulfate (0.24 mg per kilogram of body 
weight) and sodium thiamyial (0. 1 to 0.2 g/kg). Maintenance anesthesia was 2% halothanc The postoperative 
analgesic was butorphanol (0. 5 mg) administered intravenously as needed every 4 to 6 hours during the first 24 hours. 
The animals were treated prophylacticalry with antibiotics (ccfadroxil, 22 mg/kg) for several days before and after the 
operation. Before retroviral infusion, the animals were given diphenhydramine (10 mg) intramuscularry, and some 
animals were sedated with acepromazine (5 mg) intravenously. \r tm i^i r 

24. R. D. Langdell, R. H_ Wagner, K. M. Brinkhous, J. Lab. Clin. Med. 41, 637 (1953). n i.mi-i 

25. Wc thank L Brandon and A. Major (Houston, TX) and S. Olgesbee, A. McCrory, R. Raymcr, and P. Mcclveen 
(Chapel Hill, NC) for their expert technical assistance. Supported in part by KIH grants DK 44080, HL 40162 (Baylor 
College of Medicine), and HL-01648-46 and HL 26309-12 (University of North Carolina, Chapel Hill). M^VJC is a 
recipient of an individual National Research Service Awards fellowship award GM 13894, and S.L.C.W. is an 
investigator of the Howard Hughes Medical Institute. 
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Abstract—TTte ra/ « a« exce/fenf model for gene therapy because there are many rat models for 
human diseases. We have developed a simple and efficient method to deliver genes to. the rat liver 
using recombinant retroviral vectors. A 70% partial hepatectomy followed by retroviral infusion 
into the portal vein results in 10-15% hepatocyte transduction in vivo. This is 10 times more 
efficient than m the mouse due partially to the observation that the rat livers have much more 
synchronous hepatocyte replication after partial hepatectomy. Using a recombinant retroviral 
ve .tor containing the human ^antitrypsin cDNA, persistent expression of the human protein in 
recipient rat plasma was observed for at least six\months and at a level that is 10 times greater than 
the mouse. Thus, rats can serve as an excellent model for gene therapy of metabolic disorders 
secondary to hepatic deficiencies. 
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INTRODUCTION 

The rat is an extensively- investigated : 
animal, and there are many excellent rat ; 
models of human genetic and epigenetic : 
diseases (1). In order to .investigate the J 
j feasibility of treating some of, these disease^ 
j models using the techniques of somatic. cell' ! 
j gene transfer, we wanted to develop simple- j 
' and efficient methods for gene therapy in the [ 
rat. An excellent target organ, for gene i 
therapy is the 1 iver because it is a large, '• 
metabolically active organ, and many genetic : 
diseases result from mutations in genes ; 1 
expressed in the liver (2). Hepatocytes also ■ ; 
have a slow turnover rate ... (3); ' and thus : j 
genetically modified cells will persist long-' ; 
term. 

Presently, the best vector for stable , 
introduction of genes into somatic cells in/* 
aiimals is the recombinant, replication- 

491 



defective retrovirus. The retrovirus is attrac- 
tive because it integrates . in to"! the host ' 
genome and is thus permarient. The problem ; 
with using retroviruses; to transduce hepato- ; 
cytes..is that retroviruses require host cell 
division -for efficient integration into the 
genome (5). However, in a normal, healthy 
liver, '.very few hepatocytes . are replicating ; 
(3). To stimulate hepatocyte: replication, 
several laboratories have .reported perform- 
ing a 70% partial hepatectomy ;bn rats. When 
the remaining; hepatoses divide to regener- 
ate the liver^ they are-susceptible to retroviral, 
transduction. The. rettdvinis is delivered by 
vascular isolation, of ..the liver, followed by ' 
perfusion of the.liver with retroviral superna- 
tant a),: Although j ; this : is ; an efficient 
method/for gene delivery 1 (5-20% of :the 
hepatocytes were transduced), it is compli- 
cated, by the need for extensive: and! elaborate 
surgery. j- 
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Recently, Kay et al. (8) performed a 
70% partial hepatectomy in mice followed by 
infusion of retrovirus into the-, portal vein 
without vascular isolation. Using a retrovirus 
encoding the p-gaiactosidase gene, this tech- 
nique resulted in 1-2% hepatocyte transduc- 
tion as determined by X-gal staining. They 
also introduced the gene for the secr.eted- 
reporter protein human a r antitrypsin 
(hAAT) and detected constitutive levels of 
hAAT in mouse serum for more than 200 
days. This method, applied in the rat, 
resulted in 10-15% hepatocyte transduction 
and constitutive expression of the human 
protein at a. level lO^fold greater: than in the 
mouse. 

MATERIALS AiND METHODS : 

Animals and Partial Hepatectomy. Male 
Lewis rats, 3-4 weeks old were- purchased 
from Harlan, Sprague Dawleyf Inc. The 
animals were housed in a vivarium with a 
12-h light-dark cycle with water and food 
(standard laboratory chow) • provided ab 
libitum. The partial hepatectomy was per- 
formed under a general combination anes- 
thetic: ketamine (42.8 mg/ml), xyiazine (8.6 
mg/ml), and acepromazine (1:4 mg/ml), 
administered at 0.5-0.7 ml/kg. -The 70% 
partial hepatectomy involved removal of the 
median and left lateral lobes and was 
performed according to Higgens and Ander- 
son (9). The skin was then closed with 
autoclip 9-mm wound clips. 

Retrovinis Harvest and Preparation. The 
. virus : producing cells were cultured at 37°C 
with- 5.0% G0 2 in 150-mm tissue culture 
plates with 25 ml of media (high glucose 
D-modified Eagle's media supplemented 
with 10% Hyclone bovine calf serum and 1 
mM glutamine, 100 'units/ ml penicillin, 100 
M-g/ml streptomycine). When, the cells were 
70-80% confluent, the medium was, replaced 
with 15 ml of fresh medium; 18 h -later, the 
medium was harvested,, filtered through a 
0.45- jun syringe filter, and polybrene was 



added to 8.0 jig/ml. The retroviral medl 
was infused into animals within 1 gj 
collection. 

Infusion of Retrovirus into Remain 
Lobes of Liver. At indicated times latter? 
70% partial hepatectomy, rats wereianesft 
tized as above and. opened through the saj 
incision used for the partial hepajtectSL 
The portal vein was cannulated with a 2<p| 



catheter connected to a 10-cc syriiige bjipi 
30-in. extension set. Over the course |of 20-|fj 
min, 3.0 ml of retroviral supernatant via 
infused using a Sage Instruments; syri|p 
pump (model 355): After infusion, /tKp 
catheter was removed and pressure waff 
applied for , 10-30 min to control bleedjrjf 
The abdominal muscle was sutured witjilli 
Chromic Gut and the skin closed wfp^ 
autoclips. ^fegj 
Isolation and X-Gal Staining of\Hepa^^ 
cytes. The technique for hepatocyte isolation^ 
is adapted from Berry and Friend (10j/£j 
Briefly, 10 days after retroviral infusion, -theiS 
rat was anesthetized ■ the portal v6in .wafej 
cannulated with a 20-G catheter, and thTm 
inferior venae cava cut. The liver was thenj| 
perfused with 150 ml of Earle's balanced saU'ff 
solution without calcium or magnesium;^ 
(EBS-) plus 0.5 mM EGTA, 50 ml of-EBSlff 
and finally 150 ml ; of Earle's buffere|jt 
solution with calcium, 1 with 0.3 mg/riil Boe||3| 
hringer collagenase and 0.05 mg/ml: Sigma^l 
soybean trypsin inhibitor. All the. aboy|i|M 
solutions were warmed to 37°C and infused^ 
at 20 ml/ min. Hepatocyte culture conjditiq'^^a 
and media were described previously (lljjif 
The hepatocytes were cultured for 16-203*31 
- - ■ • deT r "' 



before X-gal staining, performed ks _ 
scribed previously^ Histological X-gal staL£§L 
ing of frozen liver, sections was perfonnS^ 
seven days after retroviral, infusion aA'd-wgy 
described previously (11). ; ; 4|r 

Generation of LXIhAAT Retrovirus, lM 
hAAT was constructed: by removing the 
gene and CMV promoter from LNCX b 
Bell (blunted), Hindlll restriction ei 
digest, and inserting the; hAAT coding re; 
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a s a Smal, Hindlll fragment. The LX/hAAT 
construct was then electroporated into 
GPAM-12 packaging cells, and individual 
virus producing colonies were selected and 
screened for retroviral production (retroviral 
supernatant from individual colonies were 
used to transduce* rat embryo fibroblast cell 
line 208F and hAAT production from the 
fibroblasts was assayed). The apparent titer 
of LX/hAAT is at least 2 x 10 6 PFU/ml as 
determined by comparing the amounts of 
viral RNA in the supernatant from LX/ : 
hAAT producing cells to a retrovirus of: 
known titer (data not shown). 

Detection of hAAT in Rat Serum. Rat- 
serum was isolated and the concentration of. 
human ^-antitrypsin was determined by an 
ELISA as described in Kay et al. (8). 

RESULTS - 

Recombinant Retroviral Vectors. The am- ; 
photropic retrovirus LX/p-Geo (Fig. 1A): 
has been described previously (8). Briefly,, 
fJ-Geo is a fusion of the E. coli p-galactosi- 
dase gene and the neomycin phosphotransfer- ! 
ase gene. The fusion protein retains both; 
e lzymatic activities. The (3-Geo gene is \ 
u;ider the transcriptional control of the 
Moloney murine leukemia virus (MMLV).i 
long terminal repeat (LTR) described by . 
Miller and Rosman (12). The retrovirus is; 
produced from the amphotropic retroviral ; 
packaging cell line GPAM-12 and has a titer ; 
of 1 x 10 6 PFU/ml. The LX/hAAT retrovi- \ 
rus (Fig. IB) encodes the human a r anti- ; 
t.ypsin gene (8) under the transcriptional i 
control of the MMLV-LTR (12). 

In Vivo Retroviral ■ Transduction of Rat : 
Hepatocytes. The MMLV vectors require a : 
cell to be dividing in order to integrate into : 
the host genome. To stimulate hepatocyte 
replication, a 70% partial hepatectomy can 1 
be performed. Since young rats (3—4 weeks I 
old) have a greater rate of DNA synthesis [ 
taan older rats after partial hepatectomy. : 
(13), their hepatocytes will be more suscep- 




LX/B-Geo 





act \j 




0 






.-LX/hAAT 

Fig. 1. Diagrams of the retroviruses used in this study. 
(A) LX/p-Geo, 3-Geo is a fusion gene of the neomycin 
phosphotransferase gene and the p-galactosidase gene. 
P-Geo is under the transcriptional control of the 
Moloney murine leukemia virus (MMLV); long terminal 
repeat (LTR). The retrovirus also encodes for the 
phosphoglycerol kinase promoter (PGK). (B) LX/ 
hAAT encodes the human ai-antitrypsih gene under the 
transcriptional control of MMLV LTR; The arrows 
indicate transcriptional start sites. 



tible to retroviral transduction. A 70% 
partial hepatectomy was thus performed on 3 
to.4-\veek-old male Lewis rats and 24 h later, 
3 ml of the P-Geo retrovirus was infused into 
the portal vein over the course of 30 min.' 
Seven days later, the liver was isolated and 
the frozen section was stained for X-gal. As 
can be seen in Fig. 2A, there, are Imany ceils 
that have stained in the liver infused with the 
(3-Geo retrovirus, while no blue cells are 
visible in liver after only a partial hepatec- 
tomy and mock infusion (Fig.. ; 2B). It is 
known that the amphotropic retrovirus can 
transduce vascular endothelial cells in vivo 
(4). However, of the sections we ^inspected, 
transduction was limited to cells with hepato- 
cyte morphology (Fig; 2A). The blue cells are 
relatively evenly dispersed in the liver paren- 
chyma, although some appeared; in groups 
and rows, perhaps indicating limited division 
of hepatocytes following transduction. 

Time Course for Optimal Retroviral Trans- 
duction of Rat Hepatocytes In Vivo. : To deter- 



■Fig. 2; In vivo transduction of rat hepato-VJ; 
■cytes with- LX/p-Qeo; retrovirus. A! 709&.# 
partial hepatectomy: was performed oh 3 
^week^old rats; 24 h later., either. (A) 3.0 
of pC/0-Geo . retrovirus or (B) 3.0 ml &llf 
medium was infused into the portal ivein:^p 
Seven^days later, the liver was- isolated* '^"^ 
frozen; ..sectioned, and stained with X-^^ 
and ppunterstained Iwith: nuclear fast? reip 
Pictures' represent sections from orie ioU 
three rats infused with 0-Geo, and onelfwj 
one mock, infused. Blue cells were ! only* 
detected in the liver sections infused jwit| 
LX/p-Geo retrovirus. 
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Hepatic Gene Therapy 

mine when to infuse retrovirus after partial 
hepatectomy for optimal transduction of rat 
hepatocytes, retrovirus was infused into rats 
at 0, 12, 18, 24, and 36 h after partial' 
hepatectomy. in order to better quantitate : 
the transduction efficiency and to ensure the: 
blue cells were hepatocytes, we isolated and' 
cultured the hepatocytes under conditions 
that selected for the growth of hepatocytes. 
Ten days after retroviral infusion, hepato- 
cytes were isolated by collagenase perfusion 
and cultured overnight as described in 
Materials and Methods. Even if cell division 
occurs, the percentage of blue cells should 
not change, unless transduction affects hepa- 
tocyte growth. Twelve hours after X-gal 
staining, the percent transduction was calcu- 
lated by scanning random fields at 400 x 
magnification and counting the number of 
b:ue cells and the total number of cells (at. 
least 700); The optimal time for retroviral 
infusion, appears to be 24 h after partial 
hepatectomy, at which time, 10-15% of the . 
hepatocytes were transduced (Fig. 3). • 

Retroviral Transduction Efficiency of Rat 
and Mouse Hepatocytes In Vitro. Kay et al. (8) 
reported that using this in vivo retroviral 
transduction method in the mouse, they 
achieved a hepatocyte transduction effi- 
ciency of 1-2%, while we observed a 10-15% 
transduction efficiency in the rat. The 10-fold 
difference in transduction efficiency is not ; 
due to inherent differences in susceptibilities 
to infection by amphotropie'retrovirus, -since 
rat and mouse hepatocytes are transduced 
20-25% with an amphotropic retrovirus in " 
culture (14, 15, and Dr. M. Kay, personal 
communication). Thus both the rat and 
mouse hepatocytes are equally susceptible to 
amphotropic retroviral transduction. 

Histological Study of Regenerating Liver 
of Rat and Mouse. Since both rat and mouse 
hepatocytes are equally susceptible to retro- 
viral -transduction in vitro, we investigated 
the regenerating livers of rats and mice. 
Ferhaps, if the rat .has a more vigorous 
hepatocyte replication response after partial 
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Hours After Partial Hepatectomy 

Fig. 3... Time course for in vivo infection of rat hepato- 
cytes. The 70% partial hepatectomies were performed 
on 3. to 4-week-oId male Lewis rats. Then at time 0 h 
OV = 2), 12 h (N = 5), 18 h (iV =1), 24 h (N = 5), 30 h 
{N = 4) or 36 h (N = 3). after partial hepatectomy, 3.0 
ml of retroviral supernatant was infused into. the portal 
vein. Seven to 10 days after transduction^ the hepato- 
ses were- isolated, cultured for 13 h, andlstained with 
X-gal. Plates of hepatocytes were scanned at 400 x 
magnification and random fields were counted for the 
number of blue cells and the total number of ceils: At 
least 700 cells were counted per time point. Bars repre- 
sent. mean and standard deviation. Range at 24 h is 
8.6-16.7%. ■ 



: hepatectomy than the *mouse, it would 
i explain the difference in transduction effi- 
ciency. The 70% partial hepatectomies. were 
.performed on rats and mice, and the remain- 
ing liver lobes were isolated at times when in 
!vivo retroviral transduction is known to be 
;optimaI '(24 h for the : rat and 48 h for the 
;mouse). Random fields were scanned at 
400 x magnification and the" number of 
mitotic figures and the total number of cells 
was determined. The. mitotic index is the 
bumber of mitotic, figures per 1000 cells (3). 
jThe rat liver had a mitotic index; of 84.8, 
while the mouse liver had a mitotic: index of 
24.6. In both animals, the. mitotic figures did 
not appear localized in any region of-the liver 
(i.e., periportal). . 

Expression of Human a r Antitrypsin in 
Transduced Rat Hepatocytes. In order to 
Study the expression of retrovirally transduced 
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Days post in vivo amjducuoo 

Fig. 4. Detection of human -antitrypsin in the serum 
of rats (closed squares) and mice (open squares) after in 
vivo transduction of hepatocytes with LX/hAAT retrovi- 
rus. The 70% partial hepatectomies were performed on 
mice and rats. The rats were infused 24- h later with 3.0 
ml of supernatant containing the LX/hAAT retrovirus, 
while the mice were infused at 48 h with .1.0 ml of 
supernatant. Serum samples were collected from the 
animals at. the indicated times and assayed for hAAT. 
The graph represents the mean ± standard deviation for 
N = 4 (mouse) and /V = 7 (rat). 



I genes long-term, we transduced ;rat hepato- 
j cytes with a retrovirus encoding the gene for 
; human ct r antitrypsin (hAAT). ;hAAT was 
| chosen because, being a secreted'/protein, its 
: presence can be detected easily in the serum 
of the animal, and expression can be moni- 
tored .long-term in each animal. 1 hAAT has 
also been shown not to elicit an immunologi- 
cal response • in dogs and mice when ex- 
pressed from . hepatocytes, but : it can be 
detected and quantitated by an ELISA assay. 
A 70% partial hepatectomy was ^performed 
on rats, followed 24 h later by infusion of 3 ml 
of supernatant containing the -LX/hAAT 
retrovirus. As can be seen in Fig. 4, hAAT 
can be detected, in the rat serum iseven days 
after retroviral transduction. The average 
levels reached 2000 ng/ml within a week 
after viral infusion -and remained 1 steady for 
at least 120 days. No hAAT ' was ever- 
detected in the serum of rats transduced with 
a control retroviral, vector (data not c ^wn). 




Mouse hepatocytes were also tra- 
duced in vivo with the same retrovirus uri| 
optimal conditions, : and the presence] 
hAAT was monitored in their serum. hAA^ 
levels in the mouse have also remained!! 
steady for 40 days of monitoring. As can^^ 
seen in Fig. 4, the average level of ;hAAT^Inll 
the mouse of about 100-200 ng/ml is 10-fdIdP* 
lower that in the rat. This observation isl§p 
agreement with the results from the 
staining showing that hepatocyte transduc?.. 
tion in the rat is 10-fold higher than in tfie^ 
mouse. " 



DISCUSSION 



A 70% partial hepatectomy followed by 
infusion of retrovirus into the portal vein 
results in 1-2% hepatocyte transduction in 
the mouse (8), while in the rat, the same ./ 
technique achieves 10-15% hepatocyte trans- 
duction. This difference is not ; due to 
differences in. susceptibilities to retroviral 
transduction since both rat and; mouse 
hepatocytes are equally transduced by ampho-.. 
tropic retrovirus in vitro. The difference is 
also not due to a greater number ;df virus 
particles being infused into the rat since we 
infused 3.0 ml into a 50-g rat (or|6 x 10 4 
PFU/g body weight) while Kay et al. (8) 
infused,8 x 10 4 PFU/g into the mouse. The - 
difference may be due, in part, to -the fact 
that at the time for optimum transduction by 
retrovirus, the rat liver has a three to fourfold 
higher mitotic index than the moused 

The percentage of transduced Icells by 
our method (10-15%) is comparable to that 
achieved using the vascular isolation jmetho^j 
(5-20%) of Ferry et ali (6) and 16% by Rozga " 
et al. (7); A critical difference is that whiles,: 
the other groups' methods require ver y. ;; _ : . 
intricate surgical procedures to vascularlyj;^ 
isolate the liver before infusion of retrovirujjfe 
into the portal vein, our method onljf,.- 
requires infusion of the retrovirus into ^j|g| 
portal vein. 

To study the expression of trans 
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jgepatic Gene Therapy 

jenes long-term, we used the secreted marker 
protein human a r antitrypsin (hAAT). Using 
hAAT as a marker, one can study both the 
level of expression and changes in expression 
[eveis in one animal. This is superior to 
transducing several animals and sacrificing 
them at different times to determine percent- 
age of cells still expressing the gene of 
interest, since one then introduces variability 
between animals. The amounts of hAAT 
being expressed varied from animal to 
anfanal. The levels ranged from 200 ng/ml to 
4000 ng/ml. The levels of hAAT appear to be 
steady for at least six months. With respect to 
hAAT production, the mice produced up to 
100-200 ng/ml of hAAT, while the rats 
averaged 2000 ng/ml. This is the expected 
result since 10-fold more , hepatocytes are 
shown to be transduced by X-gal staining in 
the rat than in the mouse. 

The focus of this study was to develop a 
simple and efficient method to deliver genes 
to the rat liver using recombinant retroviral 
vectors. We determined, that a 70% partial 
hepatectomy followed 24 h later by infusion 
of 3 mi of retrovirus into the portal vein 
results in 10-15% hepatocyte transduction. 
Genes introduced in this manner are also 
expressed for at least six months. These 
results suggest that the rat is an excellent 
model for hepatic gene therapy of metabolic 
disorders. 
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Erratum 



The name of one of the authors was inadvertently omitted by the authors from the paper; 
"Hepatic Gene Therapy: Efficient Retroviral Mediated Gene Transfer into Rat Hepatocytes 
In Vivo," Vol. 19, No. 5, 1993, pp. 491-497. The listing of authors should read Tadeusz Mi 
Kolodka, Milton Finegold, Mark A. Kay, and Savio L.C Woo. 
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Methods in Laboratory Investigation 

A Simple, Quantitative Method for Assessing Angiogenesis and 
Antiangiogenic Agents Using Reconstituted Basement 
Membrane, Heparin, and Fibroblast Growth Factor 

ANTONINO PASSANITI ROBERT M. TaYLOR, ROBERTO PlU. YUE GUO, PETER V LONC, 

Joseph < A Haney Rebecca R. Pauly, Derrick S. Grant, and George R. Martin 

Laboratories of Biological Chemistry and Cardiovascular Science, Gerontology Research Center, 
Iwritote on Aging, National institutes of Health and Department of Pathology and 
De1m^l£%nt Ho^kts Medical Institutions, Baltimore and Laboratory of Development 
Biology. National Institute of Dental Research, Bethesda, Maryland 

BACKGROUND- Blood vessel growth is necessary for normal tissue homeostasis and contributes 
fo wlid tumor grow*. Methods to quantitate neovascularization should be useful m testing 
U.to(Se.l f» rtorfand drugs that regulate angiogenesis or to induce a vascular supply to promote 

\ wound healing. .,-»»-- t\ c j * 

EXPERIMENTAL DESIGN: An extract of basement membrane proteins (Matngel) was found to 
restitute into a gel when injected subcutaneous* into C57/BL mice and to support an intense 
vascular response when supplemented with angiogenic factors. 

RESULTS- New vessels and von Willebrand factor antigen staining were apparent in the gel 2-3 
days after infectio^eaching a maximum after 3-5 days. Hemoglobin content of the gels was 
Found to iaraUe the increased vessels in the gel allowing ready quantitation. An* o«en«i* was 
obtained with both acidic and basic fibroblast growth factors and 

Several substances were tested for angiostatic activity in this assay by "injection « Jtot"gel with 
fibroblast growth factor and heparin. Platelet-derived growth factor BB, wterleukin 1-0, inter- 
leukin-6, and transforming growth factor-/? were potent inhibitors of neovascularization induced 
by fibroblast growth factor. Tumor necrosis factor-a did not alter the response but was alone a 
potent inducer of neovascularization when coinjected with Matrigel and heparin Consistent with 
the previously demonstrated importance of collagenase in mediating endothelial cell invasion, a 
tissue inhibitor of metalloproteinases that also inhibits collagenasee -was found to be a potent 
inhibitor of fibroblast growth factor-induced angiogenesis. • _ • 

CONCLUSIONS: Our assay allows the ready quantitative assessment of angiogenic and anti- 
angiogenic factors and should be useful in the isolation of endothelial cells from the capillaries that 
penetrate Into the gel. 

Additional key words: Neovascularization, Matrigel 

The development of a vascular supply is essential for growth factor (TGF)-a (1) TNF-« (11, 12), vascula 

the growth, maturation, and maintenance of normal tit- permeability factor or vascu ar endo^ehum growth ^fac 

sues (1). It is also required for wound healing (2) and the tor (13-15) monobutyrm (16) ^^0^ angi 

rapid growth of solid tumors (3, 4) and is involved in ogemn (13), ■^^ tt ^.^^^S^ ^ 

varioufother pathological conditions (1, 5-7). Current ™ d a 6 e ' a9MCia * d £ lyc0 * y ^ 

concepts of angiogenesis, based in Urge part on studies many compounds have been asinh bitors o 

on the vascularization of tumors (1), suggest that cells arigiogenesis including a "^f^™^^ ™ t ° ! 

secrete angiogenic factors that induce endothelial cell identified as t,ssue inhibitor of metaUoprotemase 

miration "proliferation, and capillary formation. AI- (TIMP) (21, 22). platelet factor- ^^g^^U ' 
though the factors that induce angiogenesis in -situ Pre ' V26), lammm peptides- ( 27 > V he P^««J*^ i g? 

not well identified, numerous factors have been identified 30), minocycline (31) to*****!* < 3 ?). difluorometh: 

that induce vessel formation in vitro or in uiuo in animal ornithine (33), and sulfated chitin derivatives (34) 
models. These include acidic fibroblast growth factor The classic assessment of an angiogenic factor 

(aFGF) (1, 8, 9), basic (b) FGF (1, 9, 10), transforming achieved either by embedding the factor in a controlle 
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release polymer such as ethylene vinyl acetate or cellu- 
lose discs (reviewed in Ref. 22) and implanting the sub- 
stances in the cornea of an animal's eye (35, 36) or by 
placing these substances on the chorioallantoic mem- 
brane of the chick embryo (37) and observing the sprout- 
ing of new vessels toward the pellet. Alginate-encapsu- 
lated tumor cells (36, 39) and gelatin-impregnated 
sponges (40) (Gelfoam, Upjohn, Kalamazoo, Michigan) 
have also been used as angiogenesis inducers. In the 
alginate tumor cell model, hemoglobin content was used 
to quanticate angiogenesis. In addition, several in vitro 
models have been used to examine the progression of 
angiogenesis including the sprouting, attachment, migra- 
tion, invasion, and morphological differentiation of endo- 
thelial cells (8, 12, 41-44). 

Here we report on a simple, rapid, '.and quantitative 
assay to assess inducers as well as inhibitors of angiogen- 
esis. In brief, we inject a solution a basement membrane 
proteins supplemented with FGF and heparin subcuta- 
neously in a mouse where it forms a gel. Sprouts from 
vessels in the adjacent tissue penetrate into the gel within 
days, connecting it with the external vasculature. Angi- 
ogenesis was quantitated by image analysis of vessels 
and by measuring the hemoglobin present in the vessels 
within the gel. This assay will facilitate the testing of 
both angiogenic and angiostatic agents in vivo and may 
allow isolation of the endothelial cells responding to the 
angiogenic factors for further 3tudies in vitro. 

EXPERIMENTAL DESIGN 

Preparation of Angiogenic Factors and 
Vehicle 

Liquid Matrigel maintained at 4*C was used as a 
vehicle to inject angiogenic factors subcutaneously into 
C57/BL mice. Various components were mixed with 
liquid Matrigel at 4°C which, when injected into a mouse, 
formed a single, readily recovered gel. Such gels were 
removed at various times and processed for histology, 
total protein, and hemoglobin content 

Matrigel, an extract of murine basement membrane 
proteins consisting predominantly of laminin, collagen 
IV, heparan sulfate, proteoglycan, and nidogen/entactin 
was prepared as a sterile solution as previously described 
(45). Heparin was dissolved in sterile phosphate-buffered 
saline (PBS) to 16,000 units/ml. Further dilutions were 
made with sterile filtered PBS containing 1 mg bovine 
serum albumin/ml. aFGF (HBGF-1) (R & D, Minneap- 
olis, Minnesota) was diluted to 0.25 fig/ ml with PBS/ 
bovine serum albumin. Various amounts of heparin and/ 
>r FGF were mixed with 0.5-1.0 ml of Matrigel at 4'C in 
proportions not exceeding 1% of the volume of Matrigel 
co be injected. In some cases, other factors were included 
as noted. 

.Injection and Processing op Gels 

C57BL mice (five per data point) were each injected 
,;Mbcutaneously with 0.5 ml Matrigel and 0-100 ngaFGF/ 
and 0-64 units heparin/ml near the abdominal mid- 
line using a 25-gauge needle. The injected Matrigel rap- 
idly formed a single, 3olid gel that persisted for at least 
^0 days in the mice. Mice were subsequently killed, and 



gels were recovered and processed for further studies. 
Typically, the overlying skin was removed, and gels were 
cut out by retaining the peritoneal lining for support. 
For most histological sections, the skin and underlying 
peritoneum were Formalin-fixed immediately after dis- 
section. . . 

Quantitation of Neovessels 

Hemoglobin was measured using the Drabkin method 
(46) and Drabkin reagent kit 525 (Sigma, St Louis, 
Missouri). Samples for each point were from five differ- 
ent mice. The concentration of hemoglobin was calcu- 
lated, from a known amount of hemoglobin assayed in 
parallel. Protein content of the supernatant fluid was 
determined using the BioRad protein assay method (47). 
The Optomax image analysis system (Optomax, Hollis, 
New Hampshire) was used for quantitation of histologi- 
cal specimens by light microscopy (see "Methods"). 

RESULTS AND DISCUSSION 

Matrigel as a Vehicle for Angiogenic 
Factors 

In developing a more reproducible and quantitative 
angiogenic model, we utilized FGFs that are proven and 
potent inducers of neovascularization. When injected 
alone subcutaneously into mice, neither aFGF nor bFGF 
induced any visible signs of neovessel formation (data 
not shown). This is not unexpected since the factors 
would be expected to be rapidly cleared from the site. 
We tested Matrigel, a solution of basement membrane 
proteins isolated from the Engelbreth-Holm-Swarm tu- 
mor, as a vehicle for the slow release of angiogenic factors 
since it is a liquid at 4'C but forms a gel in vivo. Indeed, 
our studies showed that the gels which formed after 
subcutaneous injection of Matrigel alone were readily 
distinguished from surrounding tissue, persisted for at 
least 10 days, and produced little or no local reaction or 
angiogenic response (Fig. IA), 

Matrigel supplemented with FGF alone produced 
gels that showed a variable angiogenic reaction (data not 
shown) . Magnitude of the angiogenic response was con- 
siderably greater in gels supplemented with both FGF 
and heparin (Fig. 15 and C). Subcutaneous injection of 
Matrigel plus aFGF and heparin at the ventral midline 
achieved optimal and reproducible responses, whereas 
material injected either anteriorly or posteriorly to the 
midline resulted in less consistent responses. Auerbach 
et aL (48) found similar regional differences in tumor 
growth that might also be related to the capacity for 
vascularization at these sites. Dorsal injections also in- 
duced consistent responses, but the abdominal location 
was used almost exclusively in this study. Gels could be 
recovered intact by dissection of the underlying perito- 
neum (Fig. 2). The tissue in contact with the FGF- and 
heparin-supplemented gels contained abundant and 
readily visible blood vess Is (Fig. 2). Large neovessels 
were also present on the surfec (Fig. 3A, B), whereas 
small, tortuous vessels were observed within the g 1 (Fig. 
3C). The effect of age of the animal on the angiogenic 
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Fig. 1. Appearance of Macrigel gels on day 4 (A) or Matrigel 
supplemented with 1 ng/ml FGF and 40 unita/ml heparin on day 1 (B) 
or day 4 (C) after subcutaneous injection. Overlying skin was removed 
to expose gels. Note that surface of gels as well as overlying skin flaps 



contain many vessels. Bleeding seen here waa also seen with some 
Matrigel/FGF and Matrigel/heparin injections, but these produced 
little or no vessel infiltration and was <10% of the amount of hemoglo- 
bin found in Matrigel/FGF/heperin gels at 4 days (see also Table 1). 



16 U/ml 



32 U/ml 




4 




FIC. 2. Appearance of Matrigel gel recovered after 4 days in vivo: 
angiogenic response aa a function of heparin concentration. Mice were 
injected with Matrigel and aFGF as in Figure 1C but with various 
heparin doses. After killing animals, skin was removed, and gels were 

response showed that vessel formation was reduced in 
young (6 month) animals compared with older mice (12, 
18, or 24 months of age) where the response was typically 
twice as strong. 



cut out with intact peritoneal lining for support and placed on tissue 
culture dishes for photography. Each gel waa between 0.3 and 1.4 cm 
long. Heparin dependence of response is apparent (see also Table 1). 



Histology and Endothelial Cell Staining 

Sections examined with the Trichrome-Masson stain 
(Fig. 4) showed that cells invaded the gel within 24 hours 
and persisted for up to 8 days with a progressive increase 
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Fig. 3. Appearance of vessels associated with FGF/heparin- supple- 
mented gels. Vessels surrounding gel appear to derive from peritoneal 

>ng UU and skin {B). Arrows, regions in injected gel that contain 
»..; tuoua neoveasels derived from ramified pre-exiating vessels. Small 
'.;.xuoue tubes are also prevalent inside gel (C, arrows) that appears 
atypical. 



i : , lin ar structures containing red blood cells which was 
indicative of functional vessels. Sections of the gel were 
reacted with antibody to factor VIII antigen (von Wille- 
I : and factor) to confirm the presence of endothelial cells 
r association with the vessels. The presence of capillary- 
sized vessels in the gel was apparent at 72 hours (Fig. 5) 



These neo vessels were also apparent by 48 hours (not 
shown) and are smaller than other factor VIII positive 
structures (pre-existing vessels) on the periphery of the 
Matrigel (Fig. 5, arrowheads). Neovascularization was 
not observed at 24 hours, although inflammatory cells 
were observed in the region between the Matrigel and 
skeletal muscle. 

Quantitation of FGF-induced Angiogenesis 

The increase in vessels in the gels, based on specific 
von Willebrand factor stain as quantitated by an image 
analysis 3ystem (Fig. 6), was similar to the increase in 
cells (hematoxylin/eosin and trichrome stain). Measure- 
ment of hemoglobin content indicated formation of a 
functional vasculature at the site of angiogenesis. As 
judged by hemoglobin content, the angiogenic response 
to FGF was time dependent, clearly visible by days 1-2, 
reached a plateau by days 3-4, and persisted through day 
8 (Fig. 6, lower panel) occurring with similar kinetics as 
observed for the accumulation of neovessels (Fig. 6, upper 
and' middle panels). 

In the presence of heparin (64 units/ml), the maximal 
angiogenic response occurred at 1 ng/ml aFGF (Table 1) 
followed by a decrease and then a subsequent increase at 
higher leveU of FGF. These data are consistent with the 
down-regulation of FGF receptors in the presence of 
higher levels of the growth factor (57). In some experi- 
ments, higher doses of FGF were used (125 and 250 ng 
FGF/ml), and these showed responses similar to those 
observed at 100 ng/ml In contrast, heparin induced a 
linear increase in angiogenesis in the presence of 1 ng/ 
ml FGF (Table 1). The lowest concentration of heparin 
, that resulted in consistent vascularization of the gels was 
40 units/ml. At this concentration of heparin, the FGF 
response was also biphasic with an optimum again at 1 
ng/ml (data not shown). The amount of aFGF (0.5 ng) 
required for an angiogenic response in these assays is 
similar to the levels of FGF necessary for endothelial cell 
growth in culture (49, 50) and to the levels required to 
elicit an angiogenic response in the chick allantoic mem- 
brane (10). Our results suggest that the angiogenic re- 
sponse induced by heparin and aFGF occurs at physio- 
logically relevant doses of FGF observed previously using 
other assays and other angiogenic factors. 

Inhibitors and Activators of 
Neovascularization 

We tested several cytokines for angiogenic activity in 
this assay in the presence of heparin to determine 
whether the assay was comparable to other established 
angiogenesis assays (Table 2), Of the various factors 
tested, aFGF, bFGF, and TNF-a induced an angiogenic 
response (Table 2), consistent with previous reports on 
these factors (1, 11, 51) whereas TGFtf, PDGF, interleu- 
kin (IL)-l, and IL-6 were inactive- 

We also assessed the angiostatic activity of certain 
cytokines when included with aFGF (Table 3). IL-10, IL- 
6 (52), and TGF0 inhibited the angiogenic response to 
aFGF. The TGFjS dose response showed inhibition at 
concentrations as low as 0.2 ng/ml, PDGF BB was also 
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Fig. 5. Factor VIII staining of neo- 
vessels. Gels recovered after 1 , 3, 4, and 
7 day* were stained ^ith von Willebrand 
factor antibody as described in "Meth- 
ods" Presence of neovesseb {arrows) in 
Matrigel (MG) layer can be distin- 
guished from existing vessel* [arrow* 
heads) near skeletal muscle (SM) and 
collagen (C) interface. Small vessels (72 
hours), horizontally coursing structures 
(96 hours), and ramifying blood vessels 
(7 days) are noted Vacuoles (v); x40. 



a potent inhibitor probably acting indirectly since endo- 
thelial cells do not express a receptor for this factor (53). 

TIMP, a collagenase inhibitor (21), is also found in 
cartilage (22) where it may maintain cartilaginous tissue 
in an avascular state by inhibiting endothelial ceil mi- 
gration (22), Addition of recombinant 0.5 mg/ml TIMP 
in the Matrigel/heparin/FGF mixtures showed essen- 
tially complete inhibition of neovascularization at day 3 
as measured both by hemoglobin content (Fig. 7) and by 
examination of the gel for infiltrating vessels (not 
shown). These observations are consistent with the 
known role of metallopro teases in the invasion of endo- 
thelial cells through basement membrane (43) and for 
the role of metallopro teases in angiogenesis (22). 

DISCUSSION 

We have developed a quantitative angiogenesis assay 
based on the ability of an extract of basement membrane 
proteins (Matrigel) to form a solid gel when injected into 
mice and to support a rapid and intense angiogenic 
reaction in the presence of FGF and heparin. Matrigel, 
while stimulating cell attachment and morphogenesis 
when used as a substratum in tissue culture, does not 
induce an angiogenic response in vivo alone. Matrigel 
has been found to promote the differentiation of endo- 
thelial cells into capillary-like structures in culture (12, 
41) and when used as a vehicle in vivo may enhance the 
selectivity of endothelial cells entering the gel since 



basement membranes are not readily crossed by fibro- 
blasts and certain other cells. 

Gels supplemented with FGF and heparin induced 
intense vascularization. Numerous large vessels were 
apparent on the surface of the gel, whereas vessels within 
the gel were smaller and more tortuous. Vessel formation 
was quantitated by measuring the hemoglobin present in 
the dissected gels and confirmed by histological staining 
for von WiUebrand factor and with Trichrorhe-Masson 
stain. Vessel formation was apparent as early as 2 days, 
reached a plateau after .4 days, and persisted up to 8 
days. Maximal and consistent responses required both 
FGF and heparin, and distinct concentrations of each 
factor were required for optimal responses. The site of 
injection and age of the animal affected magnitude of the 
response. 

The correlation of hemoglobin content with vessel 
formation was previously described using alginate-en- 
t rapped tumor cells to elicit angiogenesis in vivo. Factor 
VHI-stainable vessels were found to correlate with he- 
moglobin content and pooling of radiolabeled red blood 
cells at the alginate injection site (38). The requirement 
for heparin with FGF in angiogenesis assays (54) and 
fibroblast growth and differentiation (55, 56) appears to 
be due to both a stabilization of FGF and conformational 
changes in FGF required for receptor binding (57). Hep- 
arin also enhances the angiogenic activity of factors 
produced by 3T3 adipocytes (58). recently shown to be 
mediated by monobutyrin (16). In our assays, aFGF was 
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Table i. acidic FCF Demonstrates a Btphasic Angiogenic 
Response That Is Enhanced ay Heparin 

Hemoglobin* 



DAYS 

Fig. 6. Quantitation of neovascularization. Histological glides were 
examined with an Optomax image analysis system, and mean area in 
a 20x or 40x Held was quantitated for slidea stained with von Willa- 
brand factor antibody (vWF) or Trichrome-Masson a tain (Trichrome). 
Each point represents mean area par field (xlO a ><m 2 ) of 10-20 fields, 
and error bars are for standard deviation from mean. Hemoglobin 
measurements at these time points were determined as described in 
"Methods" and Table 1. Data represent the mean hemoglobin values 
from at least five mice per point with SEM aa indicated.. 



potent at concentrations reported previously to be effec- 
tive in both in vivo and in vitro assays. The course of the 
response was also comparable to results obtained with 
FGF in other assays and similar to that reported for 
other angiogenic agents like angiotropin (17). Heparin 
was required for angiogenesis in our assay even though 
heparan sulfate is present in the Matrigel possibly be- 
cause the amount of heparan sulfate tn the Matrigel is 
relatively low compared with normal basement mem- 
brane (59) and since FGF remains bound to heparan 
sulf"*e proteoglycan until released by enzymes (60). Not ■ 
unexpectedly, the angiogenic response to FGF occurred 
more rapidly than the response observed with alginate- 





* g/dt 


aFGF (ng/ml) fl 




0 


0.2S = 0.36 


0.1 


1.00 ± 0.45 


1.0 


3,20 * 2.20 


10 


0.23 * 0.15 


100 


0.94 ± LIS 


Heparin (units/ml) 0 




2.0 


ND J 


6.0 


0.04 - 0.03 


20 


0.15 - 0.20 


32 


. 0.16 * 0.49 


40" 


0.69 ± 0.60 


64 


2.72 ± LOO 



" MacriReJ gels contained 64 units heparin/ml and were processed 3 
days after injection. 

* Values (-3E) are averages of ai least five animals. 

e Matrigel contained FGF at 1 ng/ml for each experiment. 

* ND, Not detectable. 

' Heparin at 40 units/ml was the lowest concentration to yield 
consistent vessel formation. 



Table 2. Detection ok angiogenic activity U3ing Various 
Neovascularization Factors 



Factora Added to Matrigel - 
Heparin 



Hemoglobin 





g/dl 


None 


0.10 ± 0.02 


> aFGF (1 ng/ml) 


1.30 ± 0.07- 


TGF/3 (20 ng/ml) 


0-06 =t 0.02 


PDGF BB 




2 ng/ml 


0.10 ± 0.06 


20 ng/ml 


0.15 £ 0.03 


200 ng/ml 


0.07 ±0.03 


PDGF AB (5 units/ml) 


0.11 ± 0.04 


IL-ifl (X ng/ml) 


0.22 ± 0.02 


IL-6 (10 ng/ml) 


0.18 ± 0.05 


bFGF 




1.0 ng/ml 


0.14 ± 0.13 


10 ng/ml 


0.20 ± 0.17* 


100 ng/ml 


0.36 ^ 0.70 


TNFa (10 ng/ml) 


2.30 ± 2.00* 



Matrigel (0.5 ml) and heparin (40 units/ml) were mixed with various 
factors and injected subcutaneously. Responses were quantitated 4 day* 
later. TGF-ft PDGF BB, IL-6, IL-10, or PDGF AB did not induce 
neovascularization. 

• Acidic FGF, basic FGF, or TMF-o were potent inducers of angio- 
genesis. 

encapsulated tumor cells (38), which presumably require 
some time to generate their own factor(s). A related 
angiogenic factor, vascular permeability factor (13), has 
been shown to induce vascular permeability in vivo at 8 
ng/animal and is active between 0.1 and 2 ng/ml as a 
mitogen for endothelial cells in vitro. In addition, the 
vascular permeability factor induces angiogenesis in the 
rat corneal assay at 20 ng (13). An unrelated chemical 
inducer of angiogenesis, monobutyrin (16), has been 
3hown to be angiogenic in the chorioallantoic membrane 
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Table 3. Inhibition or Angiogenesis by PDCF, IL-ld, IL-6, 

AND TGF-tf 


f actors Aadec to Main gel *■ 


Hemoglobin 


Heparin &F*GF 


None 




1.30 * 0.07 


TNra (10 ng/ml) 


UO ± 1.10 


TGF0 




0.02 (ng/ml) 


1.70*^ 1.50 


0.2 (ng/ml) 


0.0S * 0.05 . 


2-0 (ng/ml) 


. 0.15 ± 0.13 


20 (ng/ml) * 


0.24 r 0.25 


PDGFBB (200 ng/ml) 


0.16 ± 0.07 


IL-U/fl ng/ml) 


0.14 ± 0.L0 


IL-6 (10 nfj/ml) 


0.17^0.12 



Gels contained aFGF U ng/ml) + heparin (40 units/ml) and various 
cytokines. Hemoglobin levels in the gels are shown after 4 days. TNF<* 
and TGF-0 had no effect on the angiogenic response. PDGF BB IL- 
10, IL-6, and TGF-0 inhibited the response. 



Angiogenesis: TIMP 

(1 ng FGF/ml; 64 U Hep/ml) 



3.0- 



2.0- 



1 



l.O- 



0.0 





Day 

f^^'^'Ju^^? 11 ^ TIMP: TIMP («"age nflfl e inhibitor) ia a 

mh inrl k ^2 WtW incIudad Matrigel (0.5 ml). FGF (1 ng/ 
L? t r ( f* unit3 / ml > at Action (fefrfw* fe^). Gela from 

at least five animal* per point were analyzed after day i „ 3 Sho^ 
FG^fn P HT° n « k h -«f«K" levels « geU that conLine^ 
FGF, and heparin bue lacked TIMP Uoiid bars). 



PASSANITI ET AL , ^ 

Laboratory Investigation 

assay at 20 pg (0.14 pmol), whereas aFGF in our assavs 
is active at 0>025 pmol. assays 

inii-r ' an T d T T c GF ^ and these were found to be potent 
inniDitors. IL-6 enhances production of TIMP (61) 
which may inhibit coilagenase and endothelial cell mi- 
gration (62). TGF0 inhibits endothelial cell proliferation 
and migration (63), although it exhibits angiogenesis in 

Ul c U VJl SOme assays (64) * We have measured the content 
of TGF0 in the Matrigel to be 8-14 ng/ml dependent on 
batch. However, all-TCF/ff is in the latent form, and we 
cannot detect any active TGF/? in the preparations using 
the CCL64 mink lung epithelial cell bioassay that meas- 
ures inhibition of proliferation of CCL64 cells by active 
J9p* Therefore the observed results with exogenous 
TGF/3 (active form) reflect activity of the added factor. 
IL-1 has been shown to regulate endothelial cell growth 
via autocrine mechanisms (65) that may lead to -pro- 
grammed cell death (apoptoais) as is observed in endo- 
thelial cells deprived of FGF (66). TNF-a and bFGF 
induced neo vessel formation. TNF« has been shown to 
activate macrophages (51) that in turn produce anfri- 
ogenic factors. 

In summary, the advantages of the assay presented 
here are that it is rapid, reproducible, quantitative, and 
does not require a surgical procedure for implantation 
It allows detection of both angiogenic and anti-angi- 
ogemc factors and may allow isolation of those endothe- 
lial cells that penetrate into the gel. We have also used 
this system to assess the capacity of mice of different 
ages to initiate an angiogenic response, and this type of 
study would be of interest in both hypertensive and 
diabetic mice. Such systems may be useful in identifying 
and isolating biological factors and drugs able to regulate 
angiogenesis. In addition, the potential exists to induce 
an additional vascular supply in wounded or ischemic 
tissue where it is needed to restore normal healin* and 
regeneration. ° 

METHODS 
animals, Cells, and Growth Factors 

Female C57BI/6 mice (Jackaon Laboratories, Bar Harbor 
Maine) were used at 6-8 weeks of age. Heparin was obtained 
IS^S 1 ^?^^ 63 ^ R * search Laboratories. Bovine aFGF 
(HBGF I) bFGF (HBGF II) and TOP* isolated from human 
platelets were from R&D Systems. Recombinant TNF-a was 
a generous gift from Dr. John Isaacs (Johns Hopkins Univer- 
pnri? -T" ori f. naI1 y Stained from Cetus Corporati n. 

7 recombinant IL-6, were from Collaborative Re- 
lr arC iM? e . df0rd ' Massachusetts). IL-1 was a kind gift from Dr. 
Nigel Waite at Upjohn. TIMP was a gift fVom Dr, David 
Larmichael Synergen Boulder, Colorado). CCL64 mink lung 
epithelial cells were obtained from American Type Culture 
Collection (Rockville, Maryland). 

Preparation of Basement Membrane Mixtures 

Reconstituted basement membrane (Matrigel) was DreDared 
from the Engelbreth- Holm-Swarm tumor as described (45) 
stenhzed by dialysis against chloroform, and stored stt -20 a C 
Before use, Matrigel was thawed at 4X and placed immediately 
on ice before addition of aFGF, heparin, or other growth factors. 
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Matrigei prepared by standard methods consists of 5-10 mg 
protein/ml and yields reproducible results in the angiogenesis 
assay. The commercial source of heparin (Gibco/Bethesda Re- 
search Laboratories) is critical and only batches yielding con- 
sistent results were used. 

Histology and Factor vm Related Antigen 
Staining 

All specimens were fixed in 10% buffered Formalin for at 
least 24 hours, progressively dehydrated in increasing percent- 
ages of ethyl alcohol (70, 80, 95, 100.. 100, and 1009S), cleared 
in Histoclear, embedded in paraffin under vacuum, sectioned 
at 5 thickness, deparaffinized, and stained with Harris 
hematoxylin and eosin (67), 

Selected specimens were also'stained for Factor VUI-related 
antigen using an immunoperoxidase method (68) or Trichrome- 
Masson (69). Briefly, 5-,um sections were placed on silanued 
slides, dried overnight ac 64*C, deparaffinized, hydrated, and 
placed into 3% hydrogen peroxide to quench endogenous per- 
oxide. After rinsing in deionized water, the slides were enzy- 
matically treated with 0.05% Pronase (Calbiochem, San Diego, 
California) in PBS with 0.114% EDTA at 37«C for 20 minutes. 
Enzyme activity was then abolished with 95% ethanol for 5 
minutes. After PBS rinsing, rabbit anti-human von Willebrand 
Factor antibody (Dako, Carpinteria, Caiifornia) diluted 1:1000 
in 0.05% nonfat dry milk in PBS was applied to the alide9 that 
were placed in a humidity chamber overnight at 4°C. After 
rinsing in PBS the next morning, test slides were incubated at 
room temperature for 20 minutes in biotinylated antirabbit IgG 
(Vector, Burlingame, California) diluted 1:1000 in PBS with 
0.5% nonfat dry milk. Nonimmune goat serum (5% v/v) was 
added to block nonspecific staining. Slides were then rinsed in 
three changes of PBS, incubated for 20 minutes in horseradish 
peroxidase conjugated streptavidin (Jackson ImmunoResearch, 
West Grove, Pennsylvania), diluted 1:1500 in PBS with 0.5% 
nonfat dry milk, rinsed in tap water, dried, mounted in Crystal 
Mount, dried at S0"C for 20 minute6, and coverslipped with 
Permount. 

Image analysis and Neovessel Quantitation 

To measure the total area of neovessela, a computerized 
digitalyzer, the Optomax image analysis system (Optomax), 
was used. This system consists of a high sensitivity CCTV 
camera mounted on a Nikon Optiphot-2 microscope. The image 
is displayed on a color video monitor that is interfaced with a 
microprocessor. Histological slides stained with von Willebrand 
factor antibody or Trichrome-Masson stain were examined by 
adjusting the color contrast to enhance the specifically 9tained 
vessels. The mean. area per field (xl0 fi /im 1 ) from 10-20 fields 
(20x or 40x) was calculated with standard deviation from the 
mean. The vascularized area to be measured was chosen for its 
proximity to the skeletal muscle/collagen interface from which 
the neovessek originated before entering the Matrigel. 
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SUMMARY, 



«/ W.i *.-/W HfPttfimwKtto, tSlt-Tl i«4 CAM in rfco. fr<*/pri»wi „/ J//-r « ONA fwto* 
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(NTKOl)UCTION 

Vile v:h<;rw;iUanMiK fiiirinbranc (CAM) uf ihu cMclt 
embryo has been mrrwilwoid by FolWman (Ul and lit.-, 
collcipm-a U) a!.Viy the anKioUc«ic activity various 
nunoTi. r\nrmai ti>sucft. and cells (1, S, U). Aswvs 
on CAM coosiitutc a Urgc-5catc scrcctuiifi tear tor 
<uhs lance*, that promote or inhibit vascular srowih (6, 
7. 12, 15)". JJctplcc such wide u:c, the CAM assay ho.i 
lirniLiiimu. such tw the problems of difrcrcniiaiion of 
i\cwly formed v«scLi from ihu hypcrcniic rciponse.or 
from »hc mechanical effect of impl;uu und ihc problems 
related lo ihc immune react ten* cmcrying on day 15 
of embryo de^clopmeni (4, 5, 6, 13, 22). 

Several procetlnrcs wcrcinlroducwJ 10 opcim^e visia! 
aneitmcrxt of vaixular respoivw cf C^\M, originally 
rciytnj; on the arbitrary (U, 21). These include: 
shell-less culture of chick embryo' (2. 10). estimation 
of vascular densiiy wuhin superimposed circle tfi, II). 
Che calculation of eoeffieieni of angiogenesis (28), and 
the use or autom.'viie [msec unalywr (2iS). However, 
thue procctlurcs s\i\\ suffer from subjectivity of 
cvuliratiun. 



Reccnily, a *cry pimple method, ba-^ed on the oninu-' 
\lax\ of DNA tyiiUicsk, rta.< been uiicd by 'Vliompson 
w a/. (27) for quojuiraeWe aecsamcnt of the aufiiogenie 
response on CAM. However , ihia metlu)d is suitable 
only when pooling (up ro five) or CAM* i.i passible 
us ihe low precision of assay for individual cftgii ex* 
ceecls 4Q Q fa (2*0. For large-scale screening of tin Biogenic 
:tc:jviiy Oic assay Tor individual eggs is retiuired, Wc, 
(liercfore, modifltd accordingly llie ftriginahnethod of 
Tliomp^on trt til. [21) and the proem rcMilu <ho* iha! 
following modificaiion, ihi» vmiplo a vay. can ho ujwd 
to moniior quaniiraltvely nnKiogunic aenwiiy on in-' 
dividual (!AMs. 

{VC\-natIALS ANT) METHODS. 

Vijuai cv^tiexliim uf CAM mpOiwiC 

Fertile hens'c^ (Asrra, Sweden), %«a>.heti m u-aler 
and ehlorhexidine in 70^ ellvanol were placed 

in a humidified ineuKamr ni 37°C; On d^y 4, follow- 
ing removal of 0.5 tnl of albumen, ihc window was 
made in the shell over an air space fo ctprt^e CAM. 
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On day tO of embryo c ruwl, »« in o^Pl^ conditions, 
ilicc^ (2x2* ( mm) of meningioma, ■adcnocircinonui of 
endometrium or iiormal endometrium (obtained im- 
mcdmiely follnwit».$ surfer/ from itic Departments of 
NaifOMir^e:y or Ob*tstcic* and Gynecology, District 
Ho^pipl. R«axow) were placed directly on CAM or 
separated from it by a sterile Milliporc filter, 0.41 
(Miilipore Corp,, Bedford, Mw, U5AV During fur- 
ther Incubation for 5 dayi ilw vtiSdb of. CAM were ex- 
amined each day under a stcrcomicroseop* in a blind 
Cvdiion and the *crue arcordinc to ih* arbitrary scale 
(13) wm assigned. Hach tiisuc was impbnied oh ^ix 
CAMMnd median .of CaM mitximal scores (occur- 
ring usually on day 1 5) for ciicil clinical specimen was 
recorded. The frequencies for each scoring interval (SCO 
Kcaulu) were tubuhtetl und the chi #utare Lest wo* used. 

fcCstlmadon of ON A syulnrM* 

The cniirv procedure of Thompson si ai (27) was 
modified. Meihyl*[ J Mil hyitiidinc (specific activity: H 
Ci/mmol, Amerslumi, UK), usually at a do.ie of 2.0 
^Ci in 0.2 mi of phosphate buTferrcd snlincr (?J\S) t was 
Incubated with CAM w v/vo in rnosi experiments for 
2 Hi-, Fallowing Incubation che c^3 were placed i: 
^. 20°C for 30 min. lite CAM way cut out, rinsed 
Lha roughly in ice cofd PBS, weighed and homogeniz- 
ed (rolytron, Ml J WO09) In 2 'ml of water, for 5 min 
ar 4*C ;tnd disrintcjfraicd for 30 aec at 4°C In the 
Ultrasonic OJdiniegraror (UD-1I). During inoang, 0.1 
ml of the horaogennce wixt removed for calculation of 
the cowl tadionctiviry in dpnu Homoc^natc (1 ml) was 
than mL<cd with 5 ml of iocold perchloric acid. 
ITu precipitate obtained afrcr cenirifu^Uion (2500xc. 
10 min 4**Q was wrwhed twicu with 5 rnl uf 5<Vb per- 
chloric acid. The precipitate wu th<m shaWan and wash- 
ed twice (each time with ccntrifuaation step, as abovc)- 
succesMvcty with 5 ml of the following jolvcmi: 
cthahol, Wo edunnl-cthyt cihcr mix euro (*; I v/v), and 
ethyl ether. Following evaporation of ether, the 
predpiiaie was created with 5 inJ of 5<7a perchloric acid, 
and heated to 0<i f, C for 15 min. After cent ri faction 
the JMipcrii'unm ww divided. 0.5 ml of supernatant was 
ncutratbad (wirh 0.1 M NaOlD and die rsdinacrivify 
ww estimated in a Rockinan US-7000 scintillation 
counter u^ing II number for quenching determination, 
in did scennd port of the supernatant, UNA was 
measured colonmcrrieally (17) following addition, of 
diphenylarnine and with the help of Spccoi coloiimcter. 

The rndioaaNiiy measured (in Jpm) in the fraction 
containing ON A. w.is <sxp<axal in percent gf kq\\\\ 
radioactivlry o: f!ie lirimogcnaic. Perctnl of tncor- 



porau'd thymidine io DNA of CAM, following various 
treatments. *:is expressed as mcaniSJCM »md fhe 
rcsulLs octwera varicus aroups compared by the 
KrasVal-Wallis test. CociTiccnr of viiriation, CV, 
(,SOx lo0):.t. wc? also calculated. 



' Virtue extracts 

Tomor: or control tissues were homoccnized in PBS 
(I g/ 10 ml> for 3 min at 4°C and ccnirifuged io remove 
pardculatc material. Sapcmatants were decanted, 
dtalyzcd (4000 cut-ofO a^amst. dwtiiled warcr for 24 
h: at 4*C then lyophilizcrl and stored at — 20°C until 
use. All solutions of extracts in PBS were adjusted ro 
the same (l°/«) protein concentration, apoliud onto 
CAM at a volume of 0,2 ml and incub'Jted at 37 °C for 
22 hr followed by application of pH]thymidine for 2 hr. 



KGF and dru^s 

Pure naxural mou.se epicknnal growth factor (1£G10 
(syncrtedrcd by Dr. H. Gregory from I.C.I., Alderliy 
Park, UK) obtained from I'rof. S. IContursk as a 
lyophilized sample, Ooxorubtdn and bleomycin were 
obtained from a local pharmacy. EOF and drugs were 
dissolved in phosphate buffcrrcd saline (P9S) jusc 
before use, applied onto CAM it a volume of 0.2 ml 
and incubated ac 37°C for 22 hr followed by 2 hr in- 
cuhnucin wuh Tliyniidine. 



RK5VT.TS 

Vbtasl aj£&fi;mctii o/ antiio^ciie^.i 

The angiogenic accivuitt* af various lissues art shown 
in Table I . The roajrimal vascular response was aa alli- 
ed on day 15 and occasionally on day 14, a typical 
jpokc-whed response to the implant of meningioma 
(scores: 4,0-t-) is shown in Figure 1. When slices; of 
adenocarcinoma of endometrium (3 cases) were heated 
(100 A C for 30 min) they cvolccd angiogenic responses 
in CAM scored bclwcen 0.1-1.0*. 

DNA content in CAM 

Table 2 show; that ONA conicnc per mg of CAM 
was similar in embryos of various ages. When chc sJiccs 
of nonmal endometrium were implanted on CAM, 
ONA content —measured on day 15— amounted to 
1.36^0.11 jig/mg of CAM (menn ±S1!M, n = (j)and 
was comparable to irus ONA content of uniremcrt CAM 
(Table 2). 



J 
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Thu« ;. ( u\iti«tnix were wiiaiak-U r«»(\ CAM Ny Mi|ji0uf« HUcr ami nwsffci/Hllnff =irv fivty* in pji «u lii^tv. 




net. 1, t?AKi of I J djy iiW chirk tfdibiyu InmilwunJ tor J iU>x *<iti 
mil j i>fik,»il ftspikir-wlitvlv. 



(iicrcinint!* aruounu oT ^UllUyinidine applied to 
CAM for JO nun produced lincv mcnrporarinu Into 
DNA (Hg. 2). H^urc J iKusLr.ues rite ineor poraiiun of 
thymidine to DNA when a con>tnni da*e (-3.0 t *Ci) u/fl-s 
applied onto CAM for wiou* Urn* inter v;iU. Initial 
linear iriu*ic:»Vi! oC Incorporation of thymidine declined 
afur 2.0 hr to a pJateau. Coefficient* of variation of 
most mcru.ii foments were between lOOO^, and 2.0 lir 
lime of incubatiun of f J Hll hirmrOmc wlih CAM 
chwcii for furrtier uxperiTiienrs .toper intents rating 
HQr of CAM with the degree oT thymidine higmpnr^- 
tmo into DNA tHg- 4) indicated that crow (h of CAM 
*w lordly completed by day tl of embryo develop- 
ment. I'*or \ulKcipicnt experiments. 1 1 or I2.day old 
embryos were tucd. 

Tumor entraps, when incubated wuh CAM for 24 
hr k fiaaificaatiy increased incorporation of thymidine 



t'ABl.X DNA euufcui in OM af tmliooi □/ various aeci 



A^e of UNA. /tc/Ai^ nf CAM Nuinher <i| 

•imhryo Tiwte (hmsm * SHM1 W.* 

... . .......... - - - . — ■» — 

II — I.1U0M II 

I] — I * 



into DNA of CAM fTal)le 3). CVj of ihe$e 
meamrcmenw ^re between 13. 1-17. 2 Vo. 

Himiidf to tumor wracts, epidermal ^rowili factor 
(tCF) Jftiniuhted tncot poraiio'n of thymidine into DNA 
of CAM (Table 4), while cytostatics, doxorubicin and 
bleomycin inhibited incorporauon of thymidine into 
ON A of CAM (Table 4).Jn the case of bleomycin some 
embryo* died following drw* treatment. 

lMHUJSSION 

THa visual ar^cssmeni of anaiogejiic reiponi* of 
CAM of cUieit embryo precluded Urfle^cili* screening 
of potential angiogenic sub.cTanoi* in Uiis assay. A .Sim- 
pic qannrirauve method Introduced by Thompson Of 



UJ 




i J \*.\. I. tLTca of incrcaaint concciuirttioftt af MHIliiymidiftc IWlied 
Id Cam lor U} Jinn; n * 10 far awli do^c. Mesm *5EM oa: 4\avn. 
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FIG 4. Thymidine incorporation in CAM 'jl* v.i/kjus apes. CAM 5 nr* 
niinrbninl wujt 2.0 j.C » of pjrllliyniidUti.* f,M 1 hi; n = tauiiin^jirt 4 for 
fm*h Jn>-. Menu i-S['M w9^Ucv*n. 



ui. (27) requires, because of low prevision, tar^e 
amounts of CAMS (^ei Introduction). Tlu: aim of the 
prcsciu wcrlc wai such a modification o/thc procedure 
or Thomson **r itt. (27) which would incense the pruei* 
;ion and allow for assay of individual cagJ. 

Our awy measured the ratio of chymidmu incor- 
l>orarcd itno DNA 10 ill formi of thymidine binding 
in CAM represent^ by the toul MdioaLtivity in the 
initial homogmuic. Accordingly, thi result* were in- 
dependent of the CAM'S weight, and transfer of coia! 
radioactivity added to CAM in vivo was not critical. 
Vhc UNA content per CAM'S weight was similar dur- 
ing i£M5 days of ambryo development (Table 2). aUo 
in chc peesenco of the implant. Wo think Uia( low prcci- 
sion of {be original method (27) resulted from vtiria* 
i\ot\ in thd CAM's. weight and uncontrolled looses of 
radioactivicy during isolation of CAM. However, in the 
present assay, isolation of ON A required lipid* removal 
and separation from. Tissue proteins. The simple method 
of isolation of ONa (23) appeared ro be sufficient for 
the present purposes, as evidenced by the Imcnr incor- 
poration of thymidine to UNA (Pig. 2). In i\\\s experi- 
ment results were expressed ai dpm p*r CAM, being 
rlie original data and were in agreement with That of 
Thorn pion *t of. (27). The steady-rate conditions for 
percent of* thymidine incorporated to DNA were ob- 
tained after 2-3 hr of PH)lhymidinc ineubaricn with 
CAM (Fig. 3) and 2hr incubation time waj chosen for 
present experiments. Figure 3 also she** thai wiui our 
approach, precision of ih e away was increased, as com- 
pared to the work of Thompson erf cr/. (27), and coeffi- 



TaIU K .1. Mfm of tnm»r rMnctv on ('lllihytnfdimr incorpof jtfoi* 10 ONA. 
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cic-nis of variiilion of the mcunucincntt throughout ihc 
entire Kiurlyoniy exceptionally exceeded 20 n /3. The raic 
of DNA syndics] t was dependent on Uio aee "f i lie cm- 
bf>o. By cluy 1 1 of embryo development IJNA ayuihesh 
win maximal (fit;. 3), in agreement 'with dam of oilier 
rep<;tt* {}. 27), Therefore, 11*12 day-ofd embryo* acre 
used fur lae picr.uiil e-^perinKul.v 

The following data nuy fndicme thai Utc simple 
method ol niotxi|Hon ?f at. 07) In on' modification 
can t|iir)iulr.td^'ly measure stimulation of uuyinceuc^K 
on CAM. It hen been dernonslryied luni incninyiumii. 
one wf Un* mow hfchly vasculat ired iuiuom, induced 
mi one ini|tingrni\* response on CAM (20). We h;we con- 
firmed thus fin/ ling in the present work . (T.ihle I, fij:. 
I). Lixirnct of meningioma wcu* found to lnviuaic 
dgnifleoMily (p<f).fH) incorporation of thymidine u> 
UNA ax measured hy our method t^Vblu 3). This result 
Li in nrreemrni *\ith anioradfo^rnplue studies o f* Kelly 
e/ i//. (1 9j, »\Uo obwvcd die Urges! increase in 
thymidine labeling index follo\wn>{ Incubation of 
uiciiinuintnj-eonditiiincd median) wlih endothelial 
culture. Tli« of her tumors -which induced po><tive 
response CAM ;iwcs:>ed qualitatively; I.e., implnnis 
of adenocarcinoma ol" rmlomciiium (Table I J, nfcui 
Munlficandy incrc.i>cd thymidine incorporation to DNa 
:is us^ucd by our. method (Table 3). live stimulating 
effects of tumor cxiraei.5 *h;ifed by MQV (T^nle 
4)» similar to iis cfreet on vcancft in ih< huurvAier chick 
pouch (34) And on emfodielmJ cultures (91. In addition. 
doKoruhib-ifi .ind hkoniycin, tne UN/A-vyudtc^i.N in* 
hibiior.«, .\ip,tul1cirifly decrL.i^ed iuco rpor ariun of 
ihyniidtne in ViNA of CAM :i> c^-Atnaicd by our a^aji 
(Tuhte Vhii Indimi cvick-ncc wn^esH dt.ti our 
ftk'ihod oJTcrs H io povtibility ofqHuntiwdvc assessment 
of 3ny i» genesis nn CAM. 



In flieic siudies we have also demonstrated that tar* 
cinono of endometrium of chc corpus uteri possesses 
anjtMo^L-nic uciivity. 'J'hia is, w* believe, the nr.t such 
ohtcf v-at ion. How anQioginic *ictivity conirfbvucs to ihc 
spread' of eurcinuma of endometrium is not Scnown. 
Kowcvi.t, morphofoeioii nudic: arc in pro\»res< lo (\nd 
otu whether vessel* of the ulerus affected by the 
adtrnocurclnoma show signs of activity o( angioyenic 
factor. 

In i hi: present method incorporation of thymidine 
rn Jt! cell types in CAM was followed. Therefore, the 
action .directed spceillcaily cowards one type of cell 
von Id not he differentiated. This is the ctisc of ami* 
angiooenie tiyents;, protamine or hcparu\-ecirii^one mix- 
ture, npeeifleally a f reeling endothelial cclU, as opiioa- 
. ed to cytostatic*, auint; on DNA of all cell type* (2fi). 

fn contrast in ymi-nngiocencsis. sttmulanon of 
unjttu genesis appear.s tn mvolvc all embryonic cells af 
(/AM. All celt types in CAM are stimulated by vatiau\ 
angiogenic factors, as cvidencc-d by ^utoradioflraphy 
(S. 27). Several growth faaor< such as epidermal and 
flbroblq.M growth factors (KOF and PC^O .^imulwte 
both anglogenevis hi vivo and cndorheli.nl growth in 
culture (9, 24). Factors possessing intrinsic milo^cme 
activity, sueh ;t-t HrtF, FGI-. traits founing sruwih 
factor. alpha (TOF-alphn), tumor angiogenevb factor 
tTAr- 1 ), and chondral rajm:j -derived cndorhelint eel! 
Kpwh factor are not cell-type ipceific(l4. 25, 29). 
It s«cni< t therefore, that the present method U suitable 
Tor meaiuremcnr of angioecnie activity of vanous 
lifiSiies. isnch a method ihauld be useful for farther 
studies on' angiogenic foctori. 
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ABSTRACT 

Murine Ri^^?ffi h c :,t C, ^; d ' ed 

«Uh „ . hu „, ail preproinsulin UN A in .7"? ^ 

conferring SS h I "'*" r-rornorer -nd - «ene 

»' i» hi R hc'r inHuHn °f ce, > l»c« w 
with other cl» S Vfr m ? "-'-"^ C «"«P«"«« 

"hour s , I) ' * «*»«««r hum an inaulin ar 

> r xu ,,s i*™ s n,nt - 5 mM 



nu/m.) «,,«, -„d rhc mice were made diabetic- by 
human ,„,„,;„ in vlvo w „ waMed ^i^/^ 1 ,"^^ 

nZu Tu™ u WCrc m " i « t "'ned « B bour 0 1 
pmo An, throughout the 29 d uys of rhe „ u dy The 
ticxclopmenr of *tn,ptoz„,ocin -induced hyperriv 
«en,» was delayed in r^ipi^w of the «JlJ 

K«,up receiving an implant of non-rnmsfected cell,. 
A .autopsy the implanted ArTZOMrln, -M «luT„" 

;»«rW„/ Wfm ,, pWfnWw (199.1) H. 33S-341 



INTRODUCTION 

'^nti tiE t r ri 57 ~ d - - 

•»«! iprciT ^ .^V^"-" * to introduce 
" -omlric ceIMv D t P> k- f C . Prepr0i,, « u,in i» 

«»K «hen? w n [u" " ,, '* h ? t,c U, *» or . »««d tn.„ a fecu 
Promote CeH, prepr< "™ u ''» «-«c linked to « 

Peered C elK c'ynh" K reS,KCan,:u en- 
wnwinment. J PPn>pr, a te pr euM iiio,w for 

Cultured rihrnblastt tfK „ n 
At'J'2(i tells have been' in! f S " nd P""'"*'* 
"•Jinw rat and hum! ^"^^'^ «"»h K«nc e „. 

and human maul,™ (I.o me dico, 1982; 



!? U ^A. RuftCr ' I98J: -Moore „ a/ 1 98J- 

in-JhS. ^7r,i^ssr tt s on,y wMk 

r r r:s , „ d i:^r-~!ir 

beLte t Lv I* PW,ae h a »-W model 

for nl? ^ P " S ,he endopeptiduse, 

1 -' 8 ; 3 ' 1 a >l°r & Dochertv, 1 992). 

pre ". m stu(J y instigated the feasibility of 
somatic cell Kenc thcT . ArT20 " , X | f 

rrwn^fccted with the humnnpVo?„ S ujt L °e The ' 
•nnl.n.rejeuinc activity of the 6 e 'e lis hT< K 
= ed rUro and /„ .rtTmSSnSi.^ 

'mmunoincornpctcm nude mice T1,» ^ 

auce a stare of .nsul.nopenic diabetes. Insulin 
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released by che implant waa distinguished from 
endogenous murine insulins using an antiserum 
specific for the human C-peptidc, which is co- 
secreted with the human insulin. 



MATERIALS AND METHODS 



Chemicals and animals 

Cell culture reagents were from Gibco-BRL (Pais- 
ley, -Strathclyde, U.K.), STZ was from Sigma 
Chemical Co. (Poole, Dorset, U.K.), human 
C-pepcide antiserum, tracer and standards were 
from Novo Xordislc Diagnostics (Cambridge, 
. Cambs, U.K.), insulin antiserum GP6 wns a gift 
from Dr D. F. Sreiner (Howard Hughes Medical 
Institute, University of Chicago, Chicu^), IL, 
U.S.A.). rat C-pepcidc 1 was a gift from Dr S. 
Hampton (University of Surrey, Guildford, Surrey, 
U. K.) and high-performance liquid chromatography 
(HPLC)-grade ethanol was from Fisons Scientific 
* Equipment (Loughborough, Leics, U.K.). 

Adult male athymic nude (nu/nu) mice weighing 
20-25 g were obtained from Bantin and Kingman 
(Hull, Humherside, U.K.). Mice were maintained 
in an isolated environment wich filrered air at 22 *C, 
with 12 h light per day (08.00-20.00 h) and a 
standard pellet dipt (Mouse Breeding Dier I; 
Heygate, Northampton, Northants, U.K.) and tap. 
water available ad libitum. 

Transfected cells 

The AtT20 murine pituitary corticotrophic cell 
line, transfecred with the pMtNeoIns recombinant 
plasmid, was established and maintained as 
described previously (Taylor & Dochercy, 1992). 
The plasmid contains a full-length human 
preproiiujulin cDNA (511 bp) driven by the mouse 
metal]othionein-l promoter and ending in 5V40 
splice and polyadenylation sequences (Fig. I). The 
plasmid also contains genes conferring resistance 
to ampieillin and G413, to serve as selectable 
markers. The p.VTtNeol plasmid was kindly 
supplied by Dr K. Peden, NTH, Berhesda, MD, 
U.S.A. The transfected ceils, previously termed 
AtT20pMtNeohPPI/l (Stewart et al. 1992), have 
been renamed AtT20MrIns-l and the clone used 
in this study was AtT20McIns-l*4. 

Cells were cultured in Dulbecco's modified 
Eagle's medium (D.MEM) supplemented with 10% 
(v/v) fetyl calf serum/ 2 mM glutamine, )00u* 
streptomycin/ml,- 100 units penicillin/ml and a final 
glucosuj concentration of lima*. In certain experi- 
ments, glucose-free medium was supplemented 
with glucose at different concentrations. Culture 
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condition* were 37 'C in a humidified atmosphere of 
95% air and 5% C0 2 . 

Characterization of AtT20MtIns-l-4 cells in 
vttro 

Expression of the human preproinsulin gene was 
examined after culture uf the cells for 48 h in 
medium supplemented with 90 um zinc chloride 
and 5 um cadmium chloride to enhance expression 
of the metallothionein promoter (Taylor n al. 
199!). The medium was replaced wirh serum-free 
DMEM and the cells were cultured for a further 
4 h. The medium was rhen removed, concentrated 
on a ScpPak CIS column (Miliipore, Watford, 
Herts, U.K.), and analysed by reverse-phase HPLC 
using u C7 8 reverse-phase column. Fractions 
were neutralised, lyophilbed and resuapended in 
phosphate-buffered saline. The fractions were 
assayed for insulin-like immunoreactivity using * 
broad-specificity antiserum (GP6) which react* 
.similarly with insulin, proinsulin and partially spli T 
proinsulin intermediates. 

The effects of various agents on insulin release 
were examined using quadruplicate cultures of 
I S * 10- cells for 24 h in 2 ml medium containing 
10 rn.M glucose. The medium was sampled to assay 
for insulin and replaced with medium containing 
10 m.M glucose, 1 6-7 mM glucose or 10 mM glucose 
plus one of ISmM potassium chloride, 7-6 m.M 
calcium chloride, 20 mM arginine hydrochloride 
S mM isomethylbutylxanthine (IBMX) or 9Uum 
zinc sulphate. Cella were cultured for a further 24 h 
and the medium was sampled for insulin assay. 

Implantation study 

Insulin-releasing AtT20MtIns-l-4 cell* (2 x ){)'*) 
were implanted intraperitoneally into non-diahetic 
nude (nu/nu) mice, and a similar number of 
non-transfected pituitary cells was administered to 
a separate group of, nude mice to serve an a 
control. Seven days after implantation, STZ 
(200mg/kg i.p.^ in citrate buffer,. pH 4-5) was 
administered. The study was continued until day 
.29. Body weight and food and fluid intake ivere 
monitored, and plasma glucose and plasma human 
C-pepcide concentrations were determined at 
intervals using blood collected at 10.00 h from rhe 
tail in the freely fed : state. Additional blood 
samples were collected on day ft at JO min after an 
oral glucose challenge (2 g/kg in a 40% (w/v)' 
solution), and on day 7 after a 24-h fast, 
immediately before STZ administration. 

At the end of the study the implants were 
identified wfrhin the abdomen of most recipients. 
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'Tf xf ? efwccn chc melalloihionein promoter and the SV40 sequences *»f 



lhey were removed, weighed and subjected to 
routine histological examination with hacma- 
toxyhn-eoain and aldehyde-fuchsin staining. In a 
separate study, the implants were extracted in * ml 
acid~-ethanol/g (750 ml ethanol, 250 ml water, 15 ml 
concentrated hydrochloric acid) for human C- 
peptide assay. 

Assays 

Plasma glucose was determined by on automated 
glucose oxjdase procedure (Stevens, 1971) and 
immunoreactive insuluvlike material in HPLC 
fractions and cell culture media w 2S measured by 
rocboimmunoaasay with polyethylene glycol prccipi- 
ration (Shakur ct aL 1989). Human C-peptide in 
plasma and implant extracts was measured by an 
erhanoi-precipitation radioimmunoassay procedure 
(Hcding & Rasmuwen, 1975). The C-pcptide 
antiserum (Novo K6) did not crow-react wich rut 
C-peptidc I and no r cr.cn viry detected with 

plasma from normal fed rats and mice (assay 
sensitivity 0-01 pmol/ml). The iutcr- and intra- 



assay coefficients of variation for standards (0-05- 
0*5 pmol/ml) were 11 and 2-7% respectively. 

Statistical analysis 

Groups of data are presented means ±SiH.M. Data 
were compared uiting Student's (-test. Differences 
were considered to be significant if /*<0-05. 



RESULTS 

Characterization of insulin gene expression 

repression of the human preproinsulin [*ene bv 
AtT20M tins- 1*4 cells was asstiClarea mainly with 
the' release of insulin (80%), rogcther with the 
release of small amounts of prainsulin tmd partly 
split proinsulin intermediates (Fig. 2). 

Regulation of insulin gene expression in vitro 
Under control conditions (10 mM glucose) , the 
release of insulin-like immunoreactive material by 
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AtT20MtIns-l 4 cells .w JS 5 06 ±0-22 ne/iu'- 
cells per 24 h (/r = 24). Insulin release nor 
' significantly altered by incubation for 24 h in 
medium conrainin* !6-7niM glucose, -ISmM 
ponmiurn chloride or 7 6 mM calcium chloride 
(iMK. J). However, insulin relea^ w« s increased 
by incubation in medium conrainine 20 m .M ar«i- 
mnc^hydrochlnridc (275% increase). 5 mM ID.MX 
(137% increase) or 90 h m zinc sulphate (84% 
increase). 



Implantation of AtT20MtIns- 1-4 cells 

Human C-pcpnde w ys nor detected in the plasma of 
nude mice prior to implantation of the ceils releasing 
human msulin, and vvu not derecTcdafter implan- 
tation of chc control (non-trun Peered pituitarv) 
cells (H*. 4). However, ft h * after the mu^ 
peruoru*| implantation of 2 x io A AtT20Mtlns- 1 -4 
cells, plasma human C-pept.'de w as delected at 
0- pmoi/ml ? An <l mcrea*ed to a maximum of 
016 pmol/ml by day 10 (jr if ,. p lafimj >- hufn>|n 
(--peptide concentrations of about 0-1 pmol/ml were 
maintained until the end of the study (day 29). The 
Hunrum C-peptide concentration was not significantly 

Jotwiai of Afafertiku fait/u, u$tt>taf$> ( I ^f>J | U, JJ5-J4J 



day A M-OOSi 0-006 pmol/ml, * = H» «r In- , U-I 
fa.se on dny 7 (01 08*0-01 6 pmol/ml. « = |()j. M~ or e. 

(.-pnpr.de conccntratiorta during the onset ,,fST7- 
induced _d»b««..The hum*. C-pcpride com-en- 
(ration* in the mouse plasma were uhour ..m-quar«r 
wf rhc values in normally fed non-diabetic human 
subjects (menn value 0-4 pmol/ml) measured m ,hc 
same uxsay. ' UL 

In the niin-d«h«ric- sun-, plasma alucr.se coiueu- 

of the Arl 20MilnH-4 cell* computed with the 
control p.tu.rury cell, (Fit>. 44). The hvperelvccmic 
respond 30 mjn after un on,| k1uco« oh,Il tm ., « 
day 6 was s.m.l-.«r in the two groups (1 4 0 ±0-7 
£10. and »4S ± 0-8 m*,. „=„, in w :lnd tomr , 
mice respectively). 

The "hi«h iUnwc of STZ (200 nWb i p " 
administered on day 7 produced , rapid and morkVd 
hyperglycemia in control*, mulrin u in thrve 
fau!,t,ca by day 14 and *ubsequem lennhiation wf 
this group. In confront, mice curryiciR the human 
maulm-rele^m* ArT20MtIn*-l-+ cell* showed i 
ffraduHl n.se in plasma *lueose. with the develop, 
rnenr „f seve rc liypvrnlycacmia heinff dcUvcd bv 
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figure 3. Incmlin-like immunorcactiviry (JLI) in the 
mrdium H/ter culm ring 1-5 * 10* ArT20MtInvl -4 cells 
for 24 h in 2 ml medium containing ditftrwnc agents. 
Control medium conrained tOmM plucosc (A) and 

£ w J?" 1 V11,UC nt °* 76dk0 0:i * 10 5 cells per 

24h „-2*. Test media eonMincd !6 7mM fducnae (B) 
nr IOmM glucose plus onr nf 15 mM KCI (C). 7 6 mM 
taCIj (D), 20 mM arffinine hydrochloride (E). 5 mM 
i^omethylbuiybcunihinc (F) ur 90^um ZnSO^ (C). JLI 
value* from teat media are mcuns ±s.b.m., «=4 r •/><;005 
vcmu» comrol (10 n>M glucose) (Student's /-tcM). 



about 14 day?. There was only 0n e fatality by day 1 9 
and two further fatalities up Co day 29. Thus it 

l^AL^*' relwe of in?uI,n b y ^Planted 
AtT20MtIns-l-4 cells w ys sufficient to def«r the 
development of diabetes during the initial period of 
endogenous B-cell destruction by STZ. However 
the ArT20MtIns-1.4 impldnt could not compensate* 
for the hyperglycemic effect of prolonged insuf- 
nciency of the endogenous B-cell population. It is 
noteworthy that the ST2 diabetic nude mice 
became particularly insulin resistant, as indicated 
by only u alight hypoglycemic response ro sub- 
cutaneous administration of . 10 U shorr-acting 
human insulin/kg (C. Stewart, unpublished obser- 
vations). Tins is compatible with the failure of the 
insulin-releasing implant to prevent the eventual 
development of severe hypergJycaemia in STZ- 
treated nude mice. 

Hyperphagia, polydipsia and body weight loss 
were observed after the induction of STZ diabetes 
m each group of mice. The extent of these features 
was cnn««ent'with the extent of hyperglycemia 
(data not shown). 
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ricvne 4. Tmpluntutifm study: (a) ply* run hunwn 
C-pcptide and (A) plasma glucose cuncvntratitinx of nude 
(nu/nu) mice implanted inirapcritoneallv on duv 0 with 
2 x10 AtT20Mdn*-l 4 cells (■) or non-lnmafcrted 
pituitary cells (□). Srreptozotocin (STZ; 200 mg/kg i,p.) 
wus administered on day 7. Values for the group 
implanted with non-cr*nsfec«d pituitary" cdlx have been 
terminated t»t da\ 14 do* to the high incident of 
fatalities. Valuus are means ± 3.E.M, of 10 test and 1 1 
control mice, except where shown 'b;; values in 
purcnthedca. 



At the end of the study autopsies were performed 
on the mice. The - AcT20Mtlns-l-4 cells were 
identified in five out of seven recipients as a 
tumour-like aggregation (weighing about 50 m K ) 
within the abdomen, adhering (o the ventral 
peritoneum. Gross morphology of the cell aggre- 
gates revealed vascularization at the pcriphcrv with " 
necrosis towarda rhc centre. Peripheral cells stained 
positively for aidehyde-fuchaiii. 

In a separate study 30 days after implantation 
of 2x10* ArT20MrIns-I*4 cells, (he abdominal 
aggregations weighed S6d:13mg, n = 5. The 
human C -peptide content of these aggregations 
Was 30-5 i 1.-0 pmol/a. n = 5, corrcspondinc to 
1 -72 i 0-4^ pmol/aggregation. 
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DISCUSSION 



The present study has shown thai pituitarv ArT20 
cells can be stably Transformed to produce and 
release human insulin after intraperitoneal implan- 
tation into achymic nude mice. Use of a specific 
assay for plasma human C-pcpcide has allowed 
the insulin-releasing activity of the implant to be 
monitored separately from that of endogenous islet 
B-cells. The relets* of human insulin by implanted 

°5 ™ M as30Clared with * delay in the development 
or 5TZ diabetes. 

Prev,ous studies huve inserted and expressed 
cDNA encoding human preproinsulin in fibroblasts 
(Moore et aL 1983; DiatlofT-Zito et aL 1986- Seiden 
l^on 198 | ^^ I f iiWakami " aL 1992 > anU P<>uitary 

1992). Unlike fibroblasts, which release proinsuliii 
aJmost exclusively, ArT20 ceils can process pro- 
insulin to insulin. In AcT20 cells the insulin is 
co-Jocahzed and co-sccrctcd with adrenocortico- 
tropic hormone (ACTH) via constitutive and 
regulated pathways (Moore et aL 1983; Orci et ai 
1987; Powell et al. 1988), although the amount of 
insulin produced is much less than that of ACTH 
(Moore et at. 1983). The release of C-peptide 
(Moore et aL 1983; Powell et aL 1988) ha* been 
confirmed in the present study. 

Regulation of the exogenous preproinsulin gene 
has been achieved in vitro with cyclic AMP (cAMP) 
analogues (Moore et a!. 1 Y8J; Powell et aL 1988- 
Gross et at. 1989), and incubation with IBMX 
increased insulin release in ihe presenc study. Ic is 
possible that cAMP activate* transcription factors 
which interacr with the merallothionein promoter. 
Sensirmry of rhis promotor to zinc is well 
established (Hammer, 1986; Diclcerson et al 1989* 
Taylor & Docherty, 1992), and the exploitation of 
this mechanism to regulate cells tmnsfecred wirh the 
human growth hormone gene has been described 
(Seiden et a!. 1987u). Aryininc strongly enhanced 
chc expression of the preproinsulin gene in the 
present study, but the mechanism of this i* 
unknown. 

Attempts to deliver insulin by somatic cell gene 
therapy have previously been limited to the 
production of proinsulin from fibroblasts (Seldcn et 
aL \981d; Kawnkami ft aL 1992). These studies 
have nor distinguished the secrerory products of the 
implanted cells from the endogenous production of 
insulin-like irrununo reactive .materials. This has 
been overcome herein with a specific human 
C-pepnde radioimmunoassay, and with HPLC 
analysis of the secretory products in vitro. 

When 2x 10 6 insulin- releasing AtT20Mtlns-l 4 
cell* were implanted into non-diabetic mice, which 
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were subsequently made STZ diabetic, the implant 
continued to release insulin throughout the 2Q daw 
of the study. Although the plasma C-peptide 
concentrate, ac hicv ed by the implant was onlv- 
abouc one-quarter of the normal C-pcptide con- 
centration (Heding Sc Rasmussen, 1975) the 
development of hypergiycaemia w as delayed hv 
about 2 week*. Since STZ diabetic nude mict 
become very insulin resistant, this could explain 
why the implants did nor prevent the eventual 
progression to severe hypergiycaemia. Indeed rhe 
release of ACTH and other proopiomelanocortin- ' 
derived peptides (e.g. opiates) with which insulin i* 
co-processcd and co-secreted by the AtT20 cells 
(Moore et aL 1983; Orci et aL 1987; Powell et at 
19S8) could aggravate the hypergiycaemia both 
directly (Bailey <fe Flatt, \0H7a f l» and via «imu- 
Ution of the ACTH-adrcnal axis (Lenzcn & Bailey. 

The aggregation of implanted cells into a typically 
tumour-hke organization was consistently observed 
tven in mice wkh very low plasma C-peptide 
concentrations it was possible to detect insulin- 
containing cells in rhe outer regions of the cell 
aggregation. As substantiated by the small amounts 
of C-pepnde extracted from these aggregation*, 
there was only limited intracellular Horace of 
insulin (about 30 pmol/g). 

e T ^,.i >resciU stud X Provides evidence for the 
feasibility of delivering inaulin by somatic cell g Cnc 
therapy. By selecting a cell model (pituitary AtT20 
cells) with an active secretory mechanism And 
appropriate endopepridase activity, it has been 
possible to produce and release insulin. AtT20 cells 
express the high AT m glucose-phoaphorylating 
enzyme glucokinase. Thus ir has recently been 
shown chat At I 20 cells transfected with cDNA for 
prepromsulin and the GLUT-2 glucose transporter 
exhibit glucose-stimulated insulin bio«,ymhesi* an d 
relcaxe (Hughes et at. 1992). To apply mU 
technology to somatic cell gene therapy will require 
1 , U5C of 3 eonireniem source of cclla for primary 
culture, such a* fibroblasts. These will require 
extensive genetic manipulation to achieve regular- 
able msuhn release before implantation back imo 
rhe donor (Seiden trf aL 19876; Docherty 1991- 
Hughes et aL 1992). While this approach' avoids* 
the need for immunoisolation, it will be necessary 
to introduce safeguards to contain rhe growth of 
implanted cells (Kawakami et aL 1992). 
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MINIREVIEW 



Gene Therapy for Human 
Hemoglobinopathies (43665) 

Christopher E. Walsh,* Johnson M. Lit.',* Jeffery L. Miller,' Arthur W. N.enhuis • and 
rl . , , „ Richard Jude Samllski'-' ' 



The molecular defects in sickle celJ disease and 0- 
thalassemia have been well characterized and 
seem amenable to genetic correction (I). The 
. development of effective genelic therapy could revolu- 
tionize treatment of the hemoglobinopathies. Before 
envisioning treating patients, methodologies will be 
required to ensure safe, efficient, and stable transfer of 
globm genes into hematopoietic stem cells and subse- 
quent high-level gene expression in mature erythroid 
cells. This minireview will focus on the use of viral gene 
transfer vectors as potential therapeutic agents for the 
treatment of human hemoglobinopathies. 

The thalassemias and clinically significant hemo-. 
Slobmopathies are among the most common single 
gene disorders throughout the world. Patients with se- 
vere phenotypes rely on regular erythrocyte transfusions 
that can be associated with life-threatening iron over- 
load despite intensive chelation (2). Long-term trans- 
fusion therapy may resuh in the development of ami- 
erythrocyte antibodies making subsequent transfusions 
difficult or, in some instances, impossible (3 : 4). Alio- 
geneic bone marrow transplantation has-been per- 
formed whh some success but is feasible in only a small 
percentage of affected patients a 6). Recent work has 
focused on the pharmacologic manipulation of fetal 
hemoglobin. Underpinning'these efforts is the premise 
that, increased -r-globin gene transcription and fetal 
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hemoglobin synthesis leads to more effective erythro- 
poiesis and/or decreased hemolysis in patients with 0- 
thalassemia and sickle cell disease (7-9). These treat- 
ments are, however, potentially toxic with unknown 
long-term complications. 

Glohio Gene Organization 

Hemoglobin is a tetrameric protein composed of 
two diroeric polypeptide. units encoded by two different 
gene families on two separate chromosomes. The a- 
gibbin gene cluster, located on chromosome 16 in- 
cludes the duplicated a genes («,. present iri the 
fetal and adult stages of erythropoiesis and the ernbry- . 
onic f-gene. Located on chromosome 1 1 are the cluster 
of 0-Iike genes including the two adult genes, ,5 and Q 
the iwo fetal genes, 7 A and y c , and the embryonic 
gene (see Fig. 1). During normally developing erythro- 
poiesis, six distinct hemoglobin species are present in 
the transition from intrauterine to adult life. Coordi- 
nated gene expression in the a- and 0-gene clusters 
occurs at each site of erythropoiesis: the yolk sac of the 
embryo, liver of the fetus, and bone marrow postnatally. 
This process of coordinated expression, known as "he- 
moglobin switching," coincides with the change in he- 
moglobin phenotype. The /3-like genes are activated 
and silenced in the 5 ' to 3' order of their transcriptional 
positions along chromosome II. 

Current switching models suggest competition be- 
tween the individual >Mike genes for regulatory ele- 
ments defined within the distant DNase I hypersensitive 
sites known collectively as the locus control region 
(described below). A putative switching fcictoi<s) is in- 
volved with either the silencing and/or activation of 
th 0-gene cluster. Interaction of switching factors with 
0-1 ike gene promoters may determine whether active 
gene transcription occurs. An example is the identifi- 
cation of a stage selector element in the human y~ 
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globin gene promoter and of the nuclear protein which 
binds to this element and enables^the y-gene rb com- 
petit! vely silence the 0-globin gene (10). Levels of the 
specific DNA-binding protein are higher in more de- 
velqpmentaJly immature cdls in which 7-gJobin expres- 
sion is elevated. Analysis of the a-like globin gene 
cluster suggests a similar type of regulation (11). 

Regulation of Globin Gene Transcription 

The expression of the individual globin genes is 
regulated at the level of gene transcription, as supported 
by measurement of globin transcriptional rates and by 
quantitation of globin mRNA from patients with thal- 
assemia (12). In general, globin transcriptional regula- 
tion requires cis-acting DNA sequences located within 
the globin gene cluster and trans-acting factors which 

bmd sequence-specific motifs within the cis-acting reg- 
ulatory, elements. ' 

o Regulation of the human ^-globin gene cluster 
7 . 7 A , 0) is mediated via local cis-acting sequences 
including the globin promoter* and enhancers 3' of the 
7- and 0-genes. Initial efforts to define cis-acting ele- 
ments responsible for globin' gene expression in trans- 
genic animals revealed that local sequences were not 
sufficient for normal globin expression. The observa- 
tion that deletions upstream of the 0-globin gene inac* 
nvated globin expression suggested that other regula- 
tory elements were necessary. These distant regulatory 
elements that flank the 0-globin cluster are associated 

290 
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witj ' DNase I hypersensitive sites (HS), and inclusion 
of these s.tcs modulates high level globin expiS 
These sues arc collectively termed the Iocib <S!mi 

EZ^SiTZir HSM) - *£S3 

Kilooases 5 to the <-globm gene, and one site (3' HSM 

S Sma r f eacom P assed w ithin 300-400 base pairs 

2,? i ^ HS (13 ' 14 >" ^ H S2, 3, and? 

when linked to globin genes singly or in comb n«ion 

fected erythroleukemia cells or when introduced into 
transgenic animals ( 1 5). 

Recently, several erythroid-specific enhancer se- 
quences and trans-acting factors have been defined that 
appear to regulate globin gene transcription. One of the 
most powerful enhancer elements in the*globin locus 
lies whin the HS2 and is localized to tandem AP-1 
binduig sites (16). This element is required for high 

K562 cells. K562 cells provide a model for the study of 
globin gene regulation and have been used to define 
important cis-acting regulatory elements. The HS2 en- 
hances by 150-fold transcriptional activity i n hemin- 
induced K562 cells but is relatively inactive in noner- 
ythroid cells. The trans-acting factor NF-E2 binds to 
ine HS2 enhancer and is required for hemin-inducible 
activity of the enhancer (17). Transgenic animal exper- 

SSSiT 8 ^ " te Iinked to a/S-globin gene 

enabled the production of 25-50% levels of endogenous 
globin transcript (18). This factor has been character- 
ized as a 45-kDa basic-leucine zipper DNA binding 
eae^T"l 9) PreSS£d in erythroid ™d megakaryocyte lin* 

r/- A S e ,^ h ?' d * 5pecific ^n^nption factor NFE-1 
(GATA-1) binds to GATA consensus motifs found in 
several of the cis-acting elements. Experiments with ' 
transgenic mice indicate that GATA- 1 may be impor- 
(2o" 2! dCVdopment and func °on of red blood cells . 

I 

Globin Pathophysiology 

The thalassemic syndromes are hereditary anemias , 
which occur due to mutations that affect the synthesis 
of either a - or 0-globin chains. The ratio of «- to 0. : 
chain synthesis is the major determinant of pathology 1 
Excess of either globin chain can lead to the formation 
of aggregates or intracellular inclusions causing de- 
creased red blood cell membrane deformity, ineffective 
erythropoiesis. and accelerated red cell destruction Dis- 
cussion of clinically relevant severe thalassemia syn- 
dromes is usually directed toward the ^thalassenuas 

^-Thalassemia refers to inadequate 0-globin chain 
synthesis encoded by a single 0-globin gene on chro- 
mosome 1 1. Heterozygous individuals are character- 
ized by a quantitative deficiency of 0-gJobin production 
relative to ot-gjobm. In homozygous patients with 0- 
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thalassemia, deficient or absent 0-globin gene synthesis 
causes the production of poorly hemoglobinized, defec- 
tive erythrocytes resulting in hemolysis and severe ane- 
mia (22). Patients with severe disease require frequent 
red blood cell transfusions with attendant iron accu- 
mulate. The severity of this disease is modulated by 
increased 7 -g| 0 bin synthesis and increased fetal hemo- 
globin (aiy 2i Hb F) or. concomitant ^-thalassemia. 

In homozygous sickle eel! anemia, the mutant he^ 
moglobin (Hb S, is susceptible to polymerization 
resulting m altered erythrocyte theological properties 
vaso-occiusion, and muitiorgan damage. The severity 
of sickle cell disease correlates with the degree of he- 
moglobin polymerization. Hb F has a sparing effect on 
polymerization and decreases the tendency of Hb S to 
precipitate within the erythroid cells. 

In these disease states, the transfer and expression 
of either 0- or y-globin genes should be highly effective 
in correcting these genetic defects. Replacement with a 
functional 0-gJobin gene could correct the defect in 
severe ^thalassemia, whereas gene insertion of a y 
globin gene could ameliorate the potential for polym- 
erization in sickle cell disease. Studies of sickle cell and 
^-thalassemia patients reveal that mild or absent clinical 
manifestations occur in the presence of hemoglobin F 
. levels of 20-40% (23. 24). Expression of a globin 
transgene at 10-20% of normal endogenous levels is 
adequate to achieve a dramatic phenotypic improve- 
ment in a thalassemic mouse model (25). 

Gene Transfer 

The following are the major requirements for glo- 
bin gene transfer to be clinically applicable, (i) Trans- 
duced (introduced) globin gene expression, must be at 
sufficient levels. <jj) Expression should be stably regu- 
lated and erythroid. specific, (iii) The totipotent bone 
marrow stem ceil should be transduced at high fre- 
quency and/or maintain a competitive advantage over 
nontiansduced cells for its self-renewal, (iv) The intro- 
duction of foreign DNA into the target cell genome 
should have limited potential for insertional mutage- 
nesis and/or endogenous gene disruption. 

Ideally, replacement of a defective gene with the 
correct genetic sequence by targeting genes to specific 
sues within the genome would be ah optimal method 
for genetic therapy. Homologous recombination into a 
p-globm locus has been achieved in cultured embryonic 
stem cells, albeit at a frequency too low to be of any 
current therapeutic value (26). However, as a result of 
recent advances in molecular biology, the introduction 
or new genetic material by nonhomologous recombi- 
nation with gene insertion into a target cell genome 
now appears attainable. 

Gene transduction is accomplished by a variety of 
techniques, including viral vectors, po)y-lysine/DNA 
conjugates, and other physical techniques. Viral gene 



transfer vectors make use of the inherent efficiency of 
viruses to transfer and express their genetic information 
m mammalian cells (for review, see Ref. 27). As now 
envisioned, hematopoietic stem cells from an aiTectcd 
patient could be infected with an appropriate viral 
vector containing a correctly functioning globin gene 
We will describe current work with retrovirus and the 
parvovirus, adeno-associated vims, as potential gene 
transfer vectors. 

Retroviral Vectors 

Retroviruses contain a single-stranded RNA ge- 
nome that, upon entry into a ceil, is convened into a 
double-stranded DNA before its integration into the 
host ceil chromosome. Early interest in these viruses 
stemmed from their ability to induce tumors by inser- 
tional' mutagenesis. The integrated proving containing 
its own powerful transcriptional elements, is thought to 
activate nearby proto-oncogenes or inactivate tumor 
suppressor genes. To avoid the possibility of wild-type 
retroviral infection, packaging cell lines axe used to 
produce replication-defective recombinant retroviral 
panicles. Vector and packaging cell strategies have been 
well documented (27). 

Globin Retroviral Vectors, Transfer of genomic 
human ^globin sequences using retroviral vectors has 
evolved with both the development of improved pack- 
aging cell tines and greater understanding of globin 
gene regulation. Initial experiments utilized a 3.0-kb 
fragment of genomic /3-globin into an ecotropic vector 
in both orientations (28). A neomycin resistance gene 
in those constructs was employed to rapidly screen for 
high titer producer clones subsequendy used to generate 
infectious recombinant retroviral virions. The marker 
also facilitated isolation of target cells transduced by 
the retrovirus. Only the reverse orientation construct 
was functional and sufficient for proviral integration 
and subsequent viral production. Individual clones con- 
tained a single transferred proviral copy. Human 0- 
globin transcripts were detected and the level of expres- 
sion increased in dimethyl sulfoxide-induced MEL 
clones. Dimethyl sulfoxide, hemin, and other agents 
have been used in several human and murine leukemic 
celJ lines to induce /3-globin cluster gene expression. 
. Funhermore, negligible globin expression was detected 
in 3T3 fibroblasts, indicating that the construct carrying 
a 0-globin promoter contributed to crythroid-specifk 
expression. The level of expression (compared with 
endogenous murine 0-globin expression) was approxi- 
mately 0.01%. Similar experiments using an ampho- 
tropic vector containing a neomycin resistance gene 
with a 7-5 globin hybrid were used to infect MEL cells 
with human 0-globin expression at 10% of the endog- 
enous induced expression (29). In both instances, viral 
titer was low and the provinis rearranged in some of 
the clones tested. Constructs containing portions of the 
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5' untranslated region and intron 2 in the reverse 
orientation interfered with generation of full-length 
transcripts and yielded low titer recombinant vims (30) 

Z«» J^° D COUi< ? •* removed . the intron 2 was 
required for expression. Reverse orientation globin con- 
structs may contain polyA termination signals, possiblv 
accounnng for abbreviated transcription and low tite'r 
virus generation. 

Examination of retroviral^ transduced 0-globtn in 
human hematopoietic cells demonstrated gene transfer 
and expression in erythroid colonies (bursr-formine 
unit, erythroid) (31). Expression reached 5% of the 
endogenous /J-gJobin in several pooled colonies using 
KNasc protection assay. Expression was determined by 
using a 6-base pair insertion ("marking") at the 5' 
untranslated region to allow detection of the transferred 
gene. Infection frequency was low (0.04%) and attrib- 
uted to the low viral titer (5 x 1(T colony-forming 
units/ml). A truncated /?-globin minigene (lacking in- 
irons) was also tested in MEL cells but expressed at 
undetectable levels regardless of the orientation. 

. The first in vivo experiment described a recombi- 
nant retroviral construct encoding a human 0-globin 
gene that was used to infect murine hematopoietic cells 
J*nd reconstitute transplanted mice (32). Expression was 
hmued primarily to the erythroid lineage and varied 
from 0.4% to 4.0% of the endogenous mouse 0-globin 
mRNA level. The pro viral copy number per cell ranged 
from 0.02 to 0.40 copies/cell, found in all lineages 
Long-term human 0-globin gene expression was de- 
tected in transplanted animals at 4-9 months The 

infection rate was low (18 of 104 animals reconstituted 
with infected bone marrow), which indicated that the 
marrow infection conditions needed to be optimized 
(increased viral titer, enrichment of pluripotent cells 
and induction of quiescent stem cell cycling). 

Confirmatory experiments in several laboratories 
demonstrated -0-globin retroviral transfer in murine 
hematopoietic cells (33, 34). Long-term expression in 
ail lineages from secondary recipient animals indicated 
that plunpotent stem cells rather than committed pro- 
genitor cells were infected. Co-culturing conditions for 
bone marrow target cells with recombinant retrovirus 
improved, largely through the inclusion of hemato- 
poietic growth factors to shorten G„ and promote entry 
into cell cycle required for retroviral replication and 
integration (35). Deipite improved transduction fre- 
quency in pluripotent bone marrow cells, globin expres- 
sion still ranged from !% to 5% of the endogenous 

n» n i? 36 .w 0 ^ d j scovcred LC * regulatory elements 
Hanking the 0-globin gene cluster suggested a new ap- 

Pr ?1™ 0 ^ e deagn of retrovir al vectors (36). Individ- 
ual LCR fragments were included within a marked 8- 
globin/neomycin gene cassette and used to generate 
recombinant amphotrppic virions infectious for MEL 
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cells (37) One construct incorporatine an W> fr,„ 
mem resulted in hieh level ««~L- • , frag " 

(three), but with extreme ° PD * few C,0nes 
3in«i Tk. . c * trcme «Pression variability (10- 
JI0%). The viral uters were ifH inJ «• ■ 

2ff h Subse r Uy - 

oratories have been UM ble to generate LCR-globin 
J J '"" of »«"■« titer that do no, elhibU 
prov,ral rearrangement or deletion. A recent report 
describes the use of a 36-base pair sequence encom- 
passing the NFE-2 binding site withintiie HS2 Son 
linked to human 0-gJobin (38). The level of 0-globin 
expression increased marginally from 6.0% to 12 0% 
wnh the addition of the enhancer element Viral titers 
were again low, and introduction of multiple copies of 
tfte 36-basc pair fragment promoted gross proviral re- 
arrangement. 

Generation of an ecotropic retrovirus comainina 
r n J£? C T ttB *** truncated HS 4, 3, 2, and I sites 
' SS. a 11 human ^ obin 60-70% expression 

m MEL cells compared with endogenous murine globin 
expression. Transfer into murine hematopoietic pro- 
genitors and subsequent transplantation into lethally 
irradiated recpients resulted in human 0-globtn expres- 
sion. These experiments suggest thai inclusion of LCR 
elements may support high level 0-globin gene expres- 
sion in murine hematopoietic stem cells; however sig- 
nificant rearrangement of the provims occurred 'and 
the vectors employed yield low recombinani viral titers 

; | M M ny 5 th ? allcrnative ^tors currently 
available either do not integrate into host cells at high 
frequency, are not easily rescuable from the integrated 
state, are limited in their host range, or include other 
viral genes, thereby creating a need for the development 
of a safe and efficient viral vector system. We feel that 
the human DNA virus, adeno-associated virus offers a 
promising alternative to the currently utilized vectors. 

Adeno-AssQciafed Virus 

Adeno-associated virus (AAV) is a defective mem- 
ber of the parvovirus family, The AAV genome is 
encapsulated as a single-stranded DNA molecule of 
plus or minus polarity (40, 4 1 ); Strands of both polari- ' 
ties are packaged, but in separate virus particles (42) 
and both strands are infectious (43). The single- 1 
stranded DNA genome of the human virus AAV-2 is 
4675 base pairs in length (44) and is flanked by inverted 
terminal repealed sequences of 1 45 base pairs each (45) 
The first 1 25 nucleotides form a palindromic sequence ' 
that can form a T-shaped hairpin structure and can 
exist in either of two orientations (designated flip or 
lop) This unique structure has led to the suggestion 
(46) that AAV may replicate according to a model first 
proposed by Cavalier-Smith (47) in which the terminal ) 
hairpin of AAV « used as a primer for the initiation of 
DNA rephcanori. The AAV sequences that are required 
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//i crj for packaging, integration/rescue, and replication 
of viral DNA appear to be located within a 191-base 
pair (bp) sequence that includes the terminal repeat 
sequences (48, 49). 

The viral DNA sequence displays two major open 
reading, frames, one in the left half and the other in the 
right half of the conventional AAV map (43). At least 
three regions which, when mutated, give rise to phe- 
notypically distinct viruses have been identified in the 
AAV genome (50). The rep region, which occupies the 
conventional left half of the genome, encodes one or 
more proteins that are required for DNA replication 
and for rescue from the recombinant plasmid. The cap 
and lip regions appear to encode for AAV capsid pro- 
teins; mutants within these regions arc capable of DNA 
replication but do not produce virus (50). AAV contains 
three transcriptional promoters, p5, pi 9, and p40 (4S. 
51-53). 

AAV-2 can be propagated as a lytic virus or main- 
tained as a provirus, integrated into host cell DNA (54). 
In a lytic infection, efficient replication requires coin- 
feciion with either adenovirus (55. 56) or herpes sim- 
plex virus (57)— hence the classification of AAV as a 
"defective" virus. When no helper virus is available. 
AAV can persist in the host cell genomic DNA as an 
integrated provirus (58, 59). Virus integration appears 
to have no apparent eflect on cell growth or morphology 
(60, 61). Studies of the physical structure of integrated 
AAV genomes (59 ( 62) suggest that viral insertion into 
the host chromosome is usually in a tandem head to 
tail orientation and occurs within the AAV terminal 
repeated sequence. Integrated AAV genomes are stable, 
persisting in tissue culture for greater than 100 passages 
(59). Although AAV is a human virus, its host range 
for lytic growth is unusually broad Virtually every 
mammalian cell line evaluated (including a variety of 
human, simian, canine, bovine, and rodent cell lines) 
can be productively infected with AAV, provided that 
an appropriate helper virus is used (i.e., canine adeno- 
virus in canine cells) (54), These same cells are also 
capable of establishing an AAV latent infection in the 
absence of helper. 

Despite the wide range of susceptible cell types, no 
disease has been associated with AAV in either human 
or animal populations (63), even though exposure is 
commonplace. Anti-AAV anybodies have been found 
frequently in humans and monkeys. Estimates suggest 
that about 70-80% of infants acquire antibodies to 
AAV types 1, 2, and 3 within the first decade; more 
than 50% of adults have been found to maintain de- 
tectable anti-AAV antibodies. AAV has been isolated 
from fecal, ocular, and respiratory specimens during 
acute adenovirus infections, but not during other ill- 
nesses (64). 

Infectious AAV Clou . We initially cloned intact 
duplex AAV DNA into the bacterial plasmid pBR322 



(65) and found that the AAV genome could be rescued 
from the recombinant plasmid by transfection of the 
plasmid DNA into human cells with adenovirus 5 as 
helper. The efficiency of rescue from the plasmid was 
sufficiently high to produce yields of AAV DNA com- 
parable to those observed after transfection with equal 
amounts of purified virion DNA. The AAV sequences 
in the recombinant plasmid could be modified, and 
then "shuttled". into eukaryotic cells by transfection. In 
the presence of helper adenovirus (Ad), the AAV ge- 
nome was found to be rescued free of any plasmid DNA 
sequences and replicated to produce infectious AAV 
particles (65-68). This developed an approach for mu- 
tant construction (67) that enabled us and others to 
explore viral gene function (43, 69), and to identify the 
cis-acting sequences needed for AAV rescue, replica- 
tion, packaging, and integration (49). 

AAV has been tested as a viral vector system to 
express a variety of genes in eukaryotic ceils. Hcrmonat 
and Muzyczka (69) produced a recombinant AAV 
(rAAV) viral stock in which the neomycin resistance 
gene (nco) was substituted for the AAV capsid region 
and observed rAAV transduction of neomycin resist- 
ance into murine and human cell lines. The stable 
integrated viral vector could be rescued to produce 
replicating rAAV sequences after superinfection with 
Ad and wild-type AAV. Tratschin at aJ. (70) created an 
rAAV that was found to express the chloramphenicol 
acetyltransferase gene in human cells under the AAV 
p40 promoter. LaFace et at. (71) observed gene transfer 
into hematopoietic progenitor cells using an AAV vec- 
tor. Wondisford et a/. (72) cotransfected cells with two 
di/Terent recombinant AAV vectors, each encoding a 
subunit of human thyrotropin^ and observed expression 
of biologically active thyrotropin. 

The desirable size of inserted non-AA V or foreign 
DNA is limited to that which permits packaging of the 
rAAV vector into virions, and this depends on the size 
of retained AAV sequences. Tratschin et ai (70) con- 
structed an AAV/chloramphenicol acetyltransferase ge- 
nome that was 3% (approximately 150 nucleotides) 
longer than the wild-type AAV genome, and found that 
it could be packaged into virions. An AAV genome too 
large to be packaged resulted from insertion of a 1.1- 
kbp fragment of bacteriophage-X into a nonessential 
region of AAV (R. J. Samulski and T. Shenk, unpub- 
lished). Thus, the total size of the rAAV to be packaged 
into virions should be about 4800-5000 nucleotides in 
length. 

As mentioned above, several AAV vector systems 
have been designed that contain a recombinant plasmid 
capable of being packaged into AAV panicles. The 
recombinant virus generated then functions as a vector 
for stable maintenance or expression of a gene or a 
DNA sequence in eukaryotic cells when under control 
of an AAV orSV40 transcriptional promoter. However, 
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a common problem encountered in aJJ these AAV 
vector systems has been the inability to produce recom- 
binant vims stocks free of helper AAV vims. Various 
methods have been used in attempts to decrease the 
percentage of contaminating helper vims (73), This 
problem has been a major drawback in the use of AAV 
as a prevalent viral vector. Our recent work, however, 
has succeeded in generating high titer viral stocks that 
are free of helper vims. 

AAV Vectors. W e have recently developed a 
method for producing substantially helper-free stocks 
of rAAV that can be used to efficiently and stably 
transduce foreign genes into host cells or organisms 
(49). Our present method for producing recombinant 
stocks is directed toward producing a viral expression 
vector system with improved efficiency, applicability, 
definition, and safety relative to viral vector systems 
currently utilized. The method utilizes a two-compo- 
nent system comprised of functionally, but not struc- 
turally, related rAAV genomes, one of which contains 
a segment of foreign DNA (the vector) but lacks DNA 
sequences necessary for viral replication, and the other 
(the helper AAV) which provides those viral functions 
not encoded by the vector but which cannot itself be 
incorporated into. virions. Importantly, the vector and 
the helper DNA are sufficiently nonhomologous so as 
to preclude homologous recombination events that 
could generate wiJd-rype AAV. Along with this devel- 
opment of the vector, we have conducted a study . 
characterizing natural AAV integration. In this study, 
we have encountered the unexpected observation that 
wild-type AAV utilizes site-specific integration when 
establishing vira] latency (see below). 

Production of the AAV Vector System. We have 
constructed an infectious adeno-associated viral ge- 
nome that contains two Xbal cleavage sites flanking 
the viral coding domain (43) (Fig. 2); these restriction 
enzyme cleavage sites were created to allow non viral 
sequences to be inserted between the cis-acting terminal 
repeats of AAV (49), The AAV helper plasmid termed 
pAAV/Ad contains adenovirus type 5 terminal .se- 
quences (107 bp) in place of the. normal AAV termini. 
This helper cannot be packaged into AAV virions, since 
it lacks the terminal cis-acting domain required for this 
function. The AAV terminal sequences were originally 
substituted with adenovirus terminal sequences in 
pAAV/Ad so as to transcriptionally enhance AAV gene 
expression (74). This hybrid plasmid did not contain 
the Ad packaging sequences (75) and therefore could 
not be packaged into Ad virions either. 

The presence , of the adenovirus termini substan- 
tially enhanced the expression of AAV-speciGc proteins 
from pAAV/Ad DNA.when compared with pAAV/no 
TR (DNA which contained neither adenovirus nor 
AAV terminal sequences). When the helper plasmid 
pAAV/Ad and a vector pAAV/NEO were co-trans- 
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Bqurtt 2. Generation of helper-free recombinant adsno^saociated 
prions A producer cell tine is co-trarufected with 'r^per* and reeom- 
brnant (rAAV) pJasmkfa. Helper ptasmid generates rep and cap protein 
synthesis recused for rAAV replication and encapoktattefv Adencv£* 
infection provides necessary replication and pacxaging functions (see 
text for details). * w 



fected into human cells in the presence of adenovirus, 
rescue and replication of the AAV/NEO sequences 
were detected. The vector viruses generated from this ; 
complementation contain only the terminal 19 J nu- 
cleotides of the viral chromosome, demonstrating that 
. all cis-acting AAV functions required for replication 
and virion production are located within that region. 
Recombinant viraj DNA carrying a drug resistance 
marker gene were integrated into the cellular genome. 
These transduced genes could not be excised and rep- 
licated when the cells were subscquendy infected with ' 
adenovirus, suggesting another level of safety (49). 
Thus, the AAV termini (145 bp) are sufficient for 
integration of the AAV chromosome into a host cell 
genome. No AAV gene expression is required to estab- 1 
lish a latent infection using this vector, and up to 70% 
of the cells can be transduced. 

Site-Specific Integration. The proviral integration 
form of wild-type AAV is a unique feature of this virus. 
Initial studies characterizing the AAV proviral state I" 
using restriction digestion and Southern blotting of 
genomic DNA demonstrated that the proviral DNA 
was covakntly linked to cellular DNA in tandem con- 
catamers (59. 76). These results have been confirmed 1 
and extended by the development of a protein-DNA 
binding enrichment technique used to isolate AAV 
proviral DNA from latent human cell lines (77). The 
strategy for retrieving AAV-cellular junctions involved 
a protein filter binding procedure that relied upon the J 
interaction between X repressor and its operator se- 
quences. An infectious recombinant clone was used to 
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generate an AA V-\ hybrid that contained the X operator 
site. The recombinant virus was used to establish la- 
tently infected AAV-x cell lines. Genomic DNA iso- 
lated from the latent cell lines digested with restriction 
enzymes were mixed with purified X repressor protein 
and passed over a membrane filter. Southern hybridi- 
zation analysis of the retained fragments showed a 
physical linkage between AAV proviral DNA and cell- 
ular sequences. Nucleotide comparison of clonal cellu- 
lar sequences demonstrated viral-celJular junction re- 
arrangements involving deletion of portions of the ter- 
minal repeats. An unrearranged preintcgration junction 
cellular sequence used as probe confirmed the sequence 
location at chromosome 19. Polymerase chain reaction 
amplification using AAV and junction-specific primers 
generated viral/junction breakpoints that lay within a 
100-bp sequence on chromosome 19. In situ analysis 
of latently infected cell chromosomes using AA V-spe- 
cific probes further demonstrated that viral DNA inte- 
grated into only one locus. Both single and multiple 
copy number insertion patterns were located within this 
integration region. 

The minimal elements required for AAV integra- 
tion are currently being delineated. AAV vectors con- 
taining only the inverted terminal repeat integrate at 
high frequency, suggesting the importance of the in- 
verted terminal repeat for integration. This also indi- 
cates that AAV integration relies on host cellular en- 
zymes- Furthermore, work in our laboratory demon- 
strated the lack of site-specific integration with 
recombinant vectors containing only AAV termini (78), 
Taken together, this would imply that viral rra^j-acting 
factors are required for site-specific integration. Since 
limited amplification of the AAV genome is required 
for integration, the AAV rep proteins described previ- 
ously are likely candidates for this function- 
Since this initial observation, we have documented 
site-specific integration in a number of cell types (hu- 
man T cells, colon, lung, and monkey kidney cells). 
Our preliminary characterization of this chromosomal 
region has revealed that (i) this sequence is highly 
conserved in primates, (ii) this chromosomal sequence 
appears not to be expressed in either latent or non- 
latent HeLa cells, and (iii) the integration site maps to 
the Q arm of chromosome 19. Extensive characteriza- 
tion of this chromosomal region will be essential in 
understanding regulation of rAAV transduced genes. 
For this reason, we have recently isolated two overlap- 
ping cosmid clones that hybridize to the chromosome 
1 9 integration sequence (N. Epstein and R. J. Samulski, 
unpublished results). Further analysis of this region 
should be illuminating regarding both the integration 
mechanism and the potential of targeted gene delivery. 

AAV Vectors Expressing Globin Genes. During 
our characterization of AAV vectors for targeted inte- 
gration, we initiated a study to test this minimum AAV 



vector for the efficient transduction and expression of 
globin gene sequences in the erythroid cell line K562. 
We constructed an rAAV vector containing the human 
y^-giobin gene, marked with a 6 nt dcleuon in the 5' 
untranslated region to allow its transcript to be distin- 
guished from native r-globin transcripts (Fig. 3). The 
globin gene was linked to a 400-nucleotide DNA frag- 
ment containing LCR site 2, and a bacterial neomycin 
resistance gene used for selection. Site 2 alone has been 
shown to confer high level globin gene expression in 
erythroleukemic K562 cells (see Regulation of Globin 
Gene Transcription) and when treated with hemin, 
these cells can be induced to differentiate and increase 
expression of e- and -y-globin genes (79). 

We used the packaging strategy describe above 
(Production of the AAV Vector System) to generate 
AAV/globin hybrid virus. Recombinant virus was ti- 
tered using human fibroblast target cells in the presence 
of geneuein (HeLa and/or Detroit 6) (78). Unconcen- 
trated titers ranged from 10 4 to 10* neomycin-resistant 
colonies/ml. Southern analysis of low molecular weight 
DNA revealed no detectable wild-type particles using 
this protocol. 

The erythroid cell line K562 was then infected with 
the recombinant virus and neornycin-resisiant colonies 
were obtained (78). A polyclonal population of 30 
isolated clones as well as individual done* were chosen 
for further study. First we characterized the configura- 
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Figure 1 Construction of the rAAv/HS2/y^/Neo*-0oolri ptosmid 
(A) Schematic representation of the human 4-gfoe*i cluster. Trie five 
Kjnctional genes are Hdlcataa; Arrows Indicate the tocafiona of the 
major DNese 1 altos. The MS2 fragment and the ^-Qtobri gene used 
in me vector are shown. (B) M52 fragment, rrwked y*> gene (with 
(he 6 bp deletion) end the Neo* gene cassette suDctoned info ma 
recornotnant AAV backbone. 
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tion of the integrated AAV/globin genome. Digestion 
of ^genomic DNA whh demonstrated an expected 
1.2-kb giobin fragment which corresponded to a single 
unrearranged proviral CO py ptt celJ. The K562 eel] & 
which » triploid at chromosome 1 1 (locariwTofS 
globm cluster) by karyotype analysis ( 1 7), served a, a 
control when estimating the AA V/gJobin copy „um* e J 
of mdmdual clones. Individual clones dieted and 
characterized as above revealed one to two coSes of 

SoSE? ^ genC "7 ^ N ° --"gementTf che 
2Ta^ BCn , e dctected in cither individual or 
oWgiT dem ° nSlrating lhe of the trans- 

l a hn^ em i- a ^° Ve ' P re,imin ary data from our 
abomtory indicates that AAV transducing vectors con' 
woing only the v,ral terminal repeats do not target to 
chromosome 19 (see Site-Specific Integration). We a l so 
probedgenomic digests of theglobin recombinants with 
chromosome 19-specific probe to further characterize 
?„Ht' OV ?S lS in,egration ia cells. As expected, 

Son thT A?v^ Wh ' Ch UtiHzeS 'W* '""W 

Uon the AAV/globin vmises appeared to have inte- 
grated randomly. . . 

/.,ni^f a !!, P ' :0,e , C,i L 0n 35X8X3 dem onstrated both basal 
^ UC ^l and hemin -in<*uced expression of the 
marked giobin gene. Endogenous and transduced V 
globm transcripts were identified as predicted bands of 
and 1 17 nt, respectively. As shown in Figure 4 
a strong stgnal at 145 nt represented transcription from 
the endogenous >gIobin genes present in K562 cell 
me. The probe measured both y* and y a endogenous 
transcripts. Assuming that all six endogenous copies of 
giobin were expressed, we measured uninduced expres- 
sion of the marked gene to be 70% that of a single 
endogenous gene which, with hemin induction, rose to 
90%. Several non-eryihroid tissue culture lines were 
examined for evidence of r -globin transcripts. A small 
1-5* of TAAV/K562 signal) but detectable signa was 
SlSSS" t6andHeLa ^°utnotinT.ymph- 

exnJ«- fUrthCr VCrifV lheSC rcsU,tSl m «senger RNA 
expression was analyzed using the polymerase chain 
reaction (PCR). We determined previously the tran- 
scriptional sun site of the marked Ag giobin gene in 
transfected KJ62 cells by a primer extension AS 

!XS dC ^ gDed a f COrdiDfily - ^P^mic RNA 
isolated from either single or pooled JC562 clones was 

SSiSTS^ and amplificd uaing PTimm thal 

anneal to both endogenous and marked giobin genes 
The 6 n, deletl blc<J rf ^ ^Jgnj 

on i% polyacrylamide-ureagels. Both uninduced and 

!S? wStS"' were ^ moc ^ ns 

auced JC562 cells serving as a control. The marked 
transcript was detected in all clones tested 

Mra h£ a , nt '! ati0n ° f RNA messa S e b y ^ com- 
parable to that determined by RNase protection aTd 
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confirmed high level expression of the transduced Ag 
gene, including induction by hemin. Si primer exten- 
sion experiments confirmed that the correct giobin start 
ntt was used in the proviral state. To nile out \£ 
panbility that the regulated giobin expression we o\> 

S?„Si rp TV" W3S dUe t0 8lobin regulatory 
sequences (LCR2) and not viral sequences or chrome 
somal posmoning, we constructed an AA V/globin hy- 
brid v,™ tdentical to the one described above minus 
ihe LCR2 site. Similar characterization of these trans- 
duced genes indicated a marked reduction in giobin 
expression as expected ^ 
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These results represent the first viral-based intro- 
duction in which correct levels and regulation of 7- 
, globin gene expression were achieved in an erythroid- 
I derived cell line. High level, regulated globin expression 
was obtained when using a construct confining the 
LCR site 2. The LCR/globin construct efficiently inte- 
grated into the genome without rearrangement in all 
clones studied. (Recent extensive data from our labo- 
ratory suggests approximately 10-20% rearrangement.) 
Moreover, the messenger RNA expression of the trans- 
duced gene was comparable to endogenous 7-glbbin 
levels. The correct globin start site was utilized in the 
transduced gene, and tissue-specific expression (which 
was hemin inducible) was maintained. 

-The rAAV model can also be used to study the 
effects of specific mutations in the regulatory HS2 
element on globin transcription (80). Specific muta- 
tions wnhin the HS2 region of the rAAV/ 7 A /globin 
vector described in Figure 3B were constructed, and 
neomyrin-resistant clones containing the rAAV ge- 
nome present in single copy were evaluated. Mutations 
within the NFZ-2 binding moiif resulted in a marked 
reduction of hemin-induced expression of the trans- 
duced globin gene when compared with expression 
from constructs containing the native HS2. In contrast, 
another set of mutations in the GAT A- 1 motif; which 
prevent binding of GATA- 1 , had no effect on basal and 
hemin-induced expression from the transduced globin 
gene. Other analyses of HS function rely on gene trans- 
fer methods which result in. multiple copy integrants, 
and cooperative interaction between tandem gene cop- 
ies are difficult to exclude. In this respect, the rAAV 
model is superior in that over half of the evaluable 
clones containing the native and mutant HS2 element 
had a single unrearranged copy of the rAAV genome. 
This single copy rAAV transduction model may also 
useful for evaluating other regulatory elements and their 
effects on the transcription of genes linked in c/j.- 

This suggests that recombinant AAV vectors can 
be used effectively for the transfer of globin genes into 
human cells. Previous work has demonstrated that 
AAV vectors are capable of transducing a selectable 
marker into murine hematopoietic progenitor cells (7 1 ). 
Moreover, we have generated and tested an AAV vector 
carrying B19 viral coding sequences for infection in 
erythroid progenitor cells from human bone marrow 
(81). BI9 is an autonomously replicating parvovirus 
shown to be the etiologic agent of various clinical 
disorders in humans (hydrops fetalis, poiyarthralgia 
syndrome, and transient aplastic crises associated with 
various hemolytic anemias). This parvovirus has so far 
been shown to replicate only in erythroid progenitor 
cells in human bone marrow. Using the recombinant 
AAV vector carrying the B 19 coding sequences, rAAV 
stocks demonstrated that the AAV-bascd vector was 
capable of infecting human bone marrow cells (81). 



Furthermore, -the recombinant B 1 9- AAV hybrids in- 
hibited erythroid hematopoietic colony formation, in- 
dicating the expression of Bl9 genes. 

We have recently demonstrated transduction of 
both rAAV and wild-type AAV human pluripotent cells 
(S. Goodman, unpublished results). rAAV carrying a 
0-galactosidase gene were capable of infecting CD34^ 
selected bone marrow cells, as assessed by DNA PCR 
analysis of progenitor colonies derived from CD34* 
cells grown in methylceliulose. Incubation of wild-type 
AAV with CD34^ selected cells demonstrated site-spe- 
cific integration on chromosome I9q. rAAV vectors 
containing LCR-globin cassettes are currently being 
tested to transduce human and primate CD3<T selected 
bone marrow cells. Gene transfer with rAAV into ani- 
mal tissue has not yet been demonstrated. 

Safety Issues 

The safety of retro viral gene transduction has been 
reevaluated in murine and primate models. Most retro- 
viral vector systems employ components of the Molony 
murine leukemia Virus, known to induce T cell leuke- 
mia and lymphomas in mice (82). Initial investigations 
suggested no apparent pathologic affects of murine 
amphoiropic replication-competent virus in primates 
(83, 84). However, a bone marrow transplantation/ 
gene therapy experiment in primates using a high titer 
recombinant retrovirus contaminated with a moderate 
titer of wild-type retrovirus induced a rapidly progres- 
sive T ceil lymphoma in three of 1 0 animals tested (85). 
Over 50-100 copies of the wild-type replication-com- 
petent provirus were detected in the tumor DNA. im- 
plicating viral insertional mutagenesis as the pathogenic 
mechanism. The use of newer retroviral packaging sys- 
tems to reduce or eliminate wild-type retrovirus is an 
absolute necessity for human use (86). 

One of the salient features of the AAV system is 
the lack of any demonstrable pathology to the host cell. 
As mentioned previously, no epidemiologic evidence 
currently exists linking AAV to human disease. The 
potential toxicity of rAAV in animals is unknown 
Wild-type adenovirus, required for the generation of 
rAAV, is capable of causing disease in immunocom- 
promised hosts. rAAV packaging systems will need to 
be modified to eliminate adenoviral contamination. 

Summary 

Gene transfer of human globin genes into human 
pluripotent stem cells via viral vectors may soon be 
realized. The high level of globin gene expression be- 
lieved to be required for the treatment of severe hem- 
oglobinopathies necessitated the inclusion of as-acting 
sequences (LCR). Retroviral vectors containing the 
LCR elements are prone to rearrangem nt, low titer, 
and po r expression. Inclusion of a **minilocus" con- 
taining four HS sites linked to a globin gene resulted in 
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higher expression in transplanted mice, but re- 
arrangement of the provirus still occurs, and it is un- 
clear what significance these experiments have with 
regard to human marrow stem cell transduction. 

Recombinant AAV is among the newest of genetic 
transfer vectors. This once obscure virus possesses 
unique properties that distinguish it from ail other 
vectors. Its major advantage is the lack of pathogenicity 
m humans. Wild-type AAV has the unusual ability to 
selectively integrate into the mammalian genome at a 
specific region, thus reducing the concern for genomic 
disruption and inserrional mutagenesis. The ability of 
AAV to carry regulatory elements without interference 
from the viral template may enable greater control of 
transferred gene expression. Disadvantages currently 
include the inferior packaging systems which yield low 
numbers of recombinant virions which are contami- 
nated with wild-type adenovirus. The small AAV ge- 
nome that can be packaged (-5 kb) rules out its use for 
transfer of larger genes. Recombinant AAV viruses do 
not appear to demonstrate ihe same site-specific gen- 
omic integration as wild-type viruses. Elucidation of 
the mechanism of site-specific integration should prove 
useful in the development of safe vectors for gene 
transfer as well as provide insight into the nature of 
DNA recombination in humans; 
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ABSTRACT 

The past 15 years hnve witnessed 
an- explosion of knowledge about blood 
vascular endothelium due in large part 
to m vitro growth of endothelial cells 
from bath large blood vessels and capil- 
'iries. In contrast. Hale comparable in- 
motion has accumulated on endotheli- 
um of lymphatics, which lie In intimate 
contact wi(h parenchymal cells and drain 
excess fluid, macromalecules, particles 
and immunocompetent cells in a continu- 
ous recirculation between tissues and 
bloodstream. While statural and func- 
tional differences between the two vascu- 
lar systems have been described in vivo, 
in tissue sections, and in isolated prepar- 
ations, similarities are notable in ultra- 
structure, biochemistry, physiology, and 
pharmacologic responsiveness, and these 
may predominate under pathologic cc/n- 
diiions. In I984 x three separate groups 
described in vitro culture of lymphatic 
endothelial cells from collecting ducts 
and cavernous lymphangiomas. Lym- 
phatic, like blood vascular, endothelium 
grows in confluent monolayers, "sprouts", 
synthesizes Factor V Ill-associated anti- 
n and fibronectin, and ulirastructurally 
xAo>\<5 Weibel-Palade bodies; overlapping 
intercellular junctions and anchoring 
filaments typical of lymphatic endotheli- 
um are also found. Genetic, congenital, 
and acquired disorders such as strangu- 
lating f etal nuchal cystic hygromas 
(Down and Turner syndromes) t vascular 
tumors and dysmorpho genesis (Maffucci 



and Klippel-Trenaunay syndromes), 
Kaposi s sarcoma, lymphogenous and 
hematogenous spread of cancer, and' ' 
parasitic infestations such as filariasis, 
share overlapping abnormalities in for- 
mation, growth, and/or neoplasia of lym- 
phatics and blood vessels. In these and 
similar clinical disorders, confusion often 
exists as to the nature of the cell or 
tissue of origin, and insight into the role 
and control of hemangio genesis and 
lymphangio genesis is still in its infancy 
Nonetheless, with (he ever widening array 
of investigative techniques, it is not only 
timely but imperative to explore Ihe 
endothelial biology underlying these 
inborn and acquired disorders. 

Blood and lymphatic vasculatures arc 
closefy intertwined in embryonic develop- 
ment and respond ro many similar stimuli 
in the microenvironmeni (e.g. ischemia, 
inflammation, and neoplasia). The two 
circulations work together in an integra- 
ted fashion in the uptake and transport 
of interstitial liquid and macro molecules 
such as extravasated plasma proteins and 
ingested lipids, which recirculate between 
lymph, blood, and tissue. Distinct mi- 
gration streams of immunocompetent cells 
interchange at various points in the 
"biood-Iymph loop." Anatomic connec- 
tions exist or open up between ihe two 
as lymphatic- venous communications/ 
which function normally (viz. thoracic 
duct -jugular venous junction) or become 
operational under physiologic and patho- 
logic conditions (e.g. . carcinomatous 
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venous or lymphatic obstruction or in 
portal hypertension from alcoholic cir- 
rhosis). While lymphatics closely resem- 
ble blood vessels on tissue section, they 
arc more thin-walled attenuated structures 
containing bloodless fluid, and they 
ultrastructurally exhibit overlapping inter- 
cellular junctional complexes, specialized 
anchoring filaments, and discontinuous 
or absent basal lamina (1). Permeability, 
surface charge distribution, vesicular ma- 
cromoleojiar movement, lipid absorption 
and transport, intrinsic contractility, and 
vasoresponsiveness of the two vascula- 
tures are distinct in some respects, vary 
from organ to organ, and also may over- 
lap. 

The vascular endothelium is Ihc 
crucial interface between circulating blood 
or lymph and the tissues. Two decades 
ago only surmised by Lord Florey to be 
more than an inert passive membrane or 
in "nucleated cellophane", endothelium is 
now recognized as the biologically active 
mentor of the microcirculation and of 
tissue homeostasis --originating, receiving, 
translating, transducing, and transmitting 
physical and chemical messages to and 
from different parts of the body. The 
- ability to culture large and pure endothe- 
lial cell populations not only from major 
blood vessels but since 1979, also from 
human capillaries has produced an explo- 
sion Of knowledge (1-3). Despite differ- ' 
enccs among species and organs, blood 
vascular endothelium (BYE) exhibits 
remarkably consistent morphology and 
function in vitro mimicking its structural, 
synthetic, and transport properties in 
vivo and in isolated vascular prepara- 
tions. In culture, endothelial cells grow 
as confluent monolayers with characteris- 
tic cobblestone appearance, which under 
appropriate conditions sprout and form 
tubules, that is, display "angiogenesis in 
vitro."- Distinctive ullrastructural fea- 
tures mirroring, those found in tissue 
section include intricate intercellular junc- 
tions, micropinocytotic vesicles, inlerme- . 
diale filaments, and Weibel-Paiade 
bodies, which are thought to manufacture 
or store- Factor VI H- associated antigen 
(Factor V1IIAA). Onimmunohislochemi- 



cal examination, endothelial cells contain 
Factor VUl-associated antigen, angioten- 
sin-coverting enzyme, and extracellular 
matrix components such as fibronectin, 
all of which in addition to prostacyclin 
and many ochcr vasoactive metabolites 
can be measured quantitatively after re- 
lease into the supernatant overlying the 
monolayer. 

Considerable attention has .been 
directed to a search for angiogenic factors 
controlling blood vessel formation and 
thereby tumor and organ growth. The 
genetic code for one. such substance, 
angiogcnin, has recently been deciphered. 
Blood vascular endothelium interacts in a 
"symbiotic" relationship with immuno- 
competent cells, directing lymphocyte cell 
traffic and "homing" and also producing 
colony-stimulating activity differentiating 
hemopoietic stem cells into granulocytes 
and monocytes (4). Immunocompetent 
cells as well as fibroblasts and adipocytes 
in turn secrete angiogenic factors and 
share cell surface receptors with endo- . 
indium. Thus, in large part because 
blood vascular endothelium can now be 
isolated in vitro, its role as a structural 
barrier as well as active facilitator of 
small solute and macromolecular transport 
. into and out of tissues, as a director of 
cellular migration, as a stabilizer of the 
coagulation cascade, and as a biosynthctic 
factory is now being unraveled. Blood 
vascular endothelial damage and/or repair 
have been implicated in processes as di- 
verse qs atherosclerosis, -hypertension, 
inflammation, wound heating, ischemia,' 
diabetes mcllitus, and transplant rejec- 
tion. 

Yet, in part because of a lack of 
analogous in vitro models, only rudimen- 
tary information is available about the 
highly permeable vascular interface on the 
"dark side" of the blood capillary barrier, 
deep in the tissues, separating circulating 
"lymph" from, extracellular matrix and 
liquid and parenchymal cells in lymphoid 
and non-lymphoid tissues. Within this 
oft forgotten sluggish lymphatic-tissue 
fluid circulation pass surplus liquid, ma- 
cromoleculcs, particles, and migrating 
cells from the intcrstilium on their way 
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through regional and central lymph nodes 
before returning to the blood circulacion 
{Fig. 1) . In 1984 for the first time, 




lymsh Mad* 



I. Blood* lymph loop. There, is a continuous 
ct/culatlan and recisojlatuvi of cells, particles, 
macromolecules, small solutes, and gases bet*€tn 
blood, tissues, and lymph. Blood wcvlar and 
lymphatic endothelium repnssaru crucial interfaces 
In this Osculation. Lymph exiting parenchymal 
organs filters through lymph nodes an ifs way to 
return f/trv lymphatic-venous communications to 
the (Hood stream. 

small relatively pure populations of lym- 
phatic vascular endothelium were isolated 
by our group from explants of a massive 
recurrent lymphangioma (5), by Johnston 
from normal bovine lymphatic ducts (6) 
and by Gnepp from canine and human 
cadaveric thoracic ducts (Fig3. 2 and 3) 
(7). In culture, lymphatic vascular endo- 
thelium (LVE) from large ducts and 
rnicrovasculaturc bears a strong resem- 
blance to BVE, forming confluent "cob- 
blestone" monolayers, sprouting (Fig. 

4) . and staining positively for endothelial 
markers, Factor VIIlAA and Ulex lectin. 
Thus, CIIJ, our second nearly pure lym- 
phatic endothelial cell line from a recur- 
rent chylous retroperitoneal lymphangi- 
oma resembles blood vascular endotheli- 
um in staining positively for Factor 
VIIlAA, F-actin, and fibrbrtcclin (Fig. 

5) . and exhibiting numerous Weibel- 
Paladc bodies (Fig. 6L) il). Nonethe- 
less, LV£ appears to possess some dis- 
tinctive features: overlapping intercellular 
junctions and abundant intermediate 
anchoring-type filaments typical of lym- 
phatic endothelium (Flg.dRJ (8)'. 
Although questions may be raised about 
stromal blood vessels giving rise to some 
of the endothelial cells found in this 



lymphangioma cell line, the same ques- 
tion can be but has not been raised 
about designated blood vascular endothe- 
lial ceil cultures from rnicrovasculaturc in 
such standard sources as omentum and 
foreskin, tissues rich in lymphatics as 
well as blood vessels. At this point, 
there is every reason to believe that lym- 
phatic like blood vascular endothelium is 
also a vast endocrine organ maintaining a 
lymph-fluid compatible surface and a • 
changeable selective interface between the 
lumen and interstitium thai is also the 
target for numerous perturbations affect- 
ing not only its intrinsic structure and 
function but also that of surrounding 
tissues. 

Tnc close interactions between the 
lymphatic and blood vasculature and lym- 
phangiogenesis and hemangiogenesis on a 
cellular and organ level are further illus- 
trated in. the clinical manifest a lions of 
disease. Congenital iymphologic syn- 
dromes of genetic or intrauterine origin 
involving abnormal growth of lymphatics 
often include widespread blood vascular 
abnormalities as in Maffucd's and Klip- 
. pel-Trcnaunay syndromes (Figs. J and 
8). These snfl tissue hemangiomas and 
lymphangiomas are commonly accompan- 
ied by lymphedema, venous aplasia or 
hypoplasia as well as arteriovenous ano- 
malies and striking soft tissue overgrowth * 
such as limb hypertrophy and macrodac- 
tyly. likely closely linked to the circula- 
tory disturbances (Figs. 7 and 8) . On 
rare occasions malignant vascular trans- 
formation may take place. Blood vascu- 
lar and lymphatic anomalies also coexist 
in Turner's XY gonadal dysgenesis syn- 
drome where webbed neck from regressed 
fetal cystic lymphangiomas, extremity 
lymphedema associated with lymphatic 
hypoplasia and aplasia, and coarctation of 
the aorta arc typical manifestations; vari- 
ants of the syndrome also exhibit severe 
intracardiac anomalies. Down syndrome 
(trisomy-21) similarly may present in 
ulero with strangulating cystic hygromas, 
cardiovascular anomalies and lymphedema 
or survive into adulthood with other 
variations of these vascular abnormalities. 
On the other hand, in acquired condi- 
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BOVTNC MESENTERIC VASCULAR ENDOTHELIUM 



(M.G JrJvwicn -anti MA Waiter. In Vitro, 1334) 

/"iff. 2, Comparison of bovine lymphatic endoihsllal wifh bovine superior mestn- . 
teric arterial endothelial in tissue culture. The cells in A and 3 were stained 
with a Hemacalaur stain Air (Harteco) ai /allows. The celts vere wasted twice 
with PBS ond fixed for 5 win \a methanol. The eelU recsfatd an to sin solution 
{30s) followed by a. thiazlne sotutton (30s) and were then washed wiih water. A. 
Bovine tymphailc endothelial alls. Passage 9; (xUl). B, bovine, mesenteric 
artery tsxiothciial ceils, Passage 4, fxj4f); (6; modified by per mission). C ' and 
D show assay far Factor Vfff 'related antigen. C, bovine (ymphatLc^endotheiiim. 
D, Bovine rr* it nitric artery endothelium (oniibody to luman Factor Vlff-rtt- 
aied aruig&n diluted If 10) (6; modified by permission). 



dons such as classical or A I DS-as sociated 
epidemic Kaposi's sarcoma, abnormal • 
•mphatic- venous communications may 
>m prise or contribute to the multicentric 
tumor some of its peculiar morphologic . 
and irnmunohistochernical properties as . 
well as the associated lymphedema and . 
hemorrhage. On rare occasions, malig- 
nant vascular tumors appear as Stewart- 
Treves syndrome after many years of 
lymphostasis associated with intense he- 



manfiibgenesis and lymphangiogenesis, 
and lymphangiomatoid changes superim- 
posed on exuberant profuse scarring and 
fal deposition. The latter is well exem- 
plified, in filarial infestation, which leads 
to elephantiasis where thickening and ■ 
piling up of the lymphatic as well as 
blood vascular endothelium » intraluminal 
bJood or lymph clots, and exuberant 
deposition of underlying scar tissue char- 
acterize the pathologic process and the 
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CANINE THORACIC DUCT 
. eTCOTHEUUU 



HUMAN THORACIC DUCT 
• ENDOTHELIUM 



. (D. Gnopp and W. Ctvmdfef, Wi Vilro. 19S5) 

Fig. 3. L, upper, canvur thoracic duct culture dcrrvnstratlng a sheet of uniform 
cordact Inhibited non- overtop ping zrdotfalkd ceils *tfA typical cobblestone mor- 
phology. fxlJJ). L. lower, indirect invfMncJbiorescence of amine thoracic duct 
endothelial cells demonst rating marked poslttvtiy of Factor VfU aniigen (note 
granular cytoplasmic staining. (xJS9). R, upper, tswvn thbracic duct culture 
da/rmuratlng one tuut of typical endothelial cells. Day 9. (zl39), R. lower, in- 
direct Unmunoftuor escznee of toman thoracic duct endothelial cells demonslrttlisig 
granular cytoplasmic and perinuclear fluorescence. (xl89); (7; used by per mis* 
sionj. 



host response to the worm and its pro- 
ducts."* These interrelationships between 
lymphangiogenesis and Iymphologic syn- 
dromes have been summarized by us rec- 
ently (9), and an analogous intercon- 



nected scheme can be postulated for 
hemangiogenesis and blood vascular syn- 
dromes. 

Endothelial biologists working in 
tissue culture have opened up the pheno- 
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^itf. 4. Photomicrographs (inverted light) dtpteting in vitro cvcluihn 0/ /ym- 
phitic. endothelial celt gromxh derived from a resected lymphangioma .of the 
Knee. 'An "earty" phase displays a loose zhiuer 0/ endothelium vtih occasional 
"sprouting" or . branching (A: xJOO). With time/ this sprouting pattern becomes 
more prominent (Bl xJOO) and evtnsuatly tvotves Uuo a sheet -(Ike cellular 
aggregate (.C,D: x40)_ wUh intense " lymphatic* OXe" tumorous branching (€,F; 
xlOO). 



menon of. lumor angiogenesis to intensive 
inquiry/ In 1972, Folkrnan (10) first pro- 
posed the concept that all tumors arc 
angtogcriesis-dcpcndcnt and once tumor - 
take has occurred, enlargement of. I he 
tumor cell population is preceded by 
growth of new blood, capillaries convcrg- . 
ing on the tumor. Inhibition of angio- 
genesis. he proposed, might be a thera- 
peutic approach to solid tumors. Inlcrest- 
,g questions have arisen about the role 
of endothelial mitogens in normal tissues 
and natural mechanisms that restrain and 
inhibit formation of capillary and thereby 
tissue and organ growth. Lymphatic ves- 
sels have been scarcely mentioned in the 
context of "angiogenesis". and some 
workers have even suggested that tumors 
do not contain lymphatics. Nonetheless, 



the parallel development and common 
response of the two vascular systems to 
varied physiologic and pathologic stimuli 
suggest, however, that hemangiogencsis 
and lymphangiogenesis go hand in hand 
and thai the mysterious growth factors 
stimulating both vasculatures arc self- 
generated as well as arise in or arc deliv- 
ered through the neighboring tissue 
matrix; that is, the stimuli are autocrine, 
paracrine, and endocrine. 

Despite the mounting interest in 
tumor angiogenesis, investigation of a 
related process — what , we have termed 
"angiotumorogencsis. 0 i.e., the growth 
and development of blood and lymphatic 
vascular tumors- -has been extremely lim- 
ited despite their frequency as cosmetic 
imperfections or as disfiguring or even 
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Fig. S. Indirect fluoresces -antibody labzlbiz uzlng rabbit anilhuman JgG shows the characteristic granular pat- 
tern of Factor Vfll-retaied antigen (A) (xISS). F*acttA positive microfilament bundles forming a wed-orson- 
atd- cytoikxleton stated wilh MBD-phattoid'tA (x591). cstt surface -associated fibroneetin using rabbis onllHunan 
flbronecttn fgC (C) (xl68) t which is also deposited exxracsltularty (8: used by pertrvLssion). 



life- threatening tumors of childhood.. 
Genetic, congenital and environmental 
influences on endothelial growth, such as 
by hormones and drugs (e.g., estrogens, 
oral contraceptives), industrial carcinogens 
(e.g., vinyl chloride) and viral agents 
(e.g.. human immunodeficiency virus and 
cytomegalovirus) are poorly understood 
but these agents arc known stimulants of 
endothelial proliferation, DNA transfor- 
mation, and neoplasia. Controversy con- 
tinues about the nature of some vascular 
tumors, i.e.. whether they are embryonic 
rests (hamartomas), true neoplasms or 
mere expressions of exuberant angiogen- 
csis. As in Kaposi's sarcoma, different 
areas of the same lesion may appear 
strikingly heterogenous ranging from 
normal vessels to highly anaplastic or 
wildly aberrant' structures indistinguish- 
able as lymphatics or blood vessels. 
Moreover, it is unclear whether multiple 
tumors in separated or remote sites are 
multicentric in origin or metastatic. Occa- 
sionally, benign-appearing endothelial 
tumors may exhibit local invasion, recur, 
and even spread (e.g., "benign metasta- 
sizing lymphangioma'*). On the other * 
hand, benign and even malignant vascular 
tumors sometimes spontaneously regress. 
Unfortunately. . immunohistochernical 



studios to detect the presence of iniracy- . 
toplasmic or cell surface endothelial 
markers (e.g.. Factor VIIIAA or base- 
ment membrane components) have .pro- 
duced more confusion than clarification 
because of heterogeneity of staining, pos- 
tulated but disputed differences between 
the blood and lymphatic vasculature, in- 
consistent staining techniques, neoplastic 
or non-neoplastic transformation to more 
primitive or aberrant cell types or pluri- 
polcnlial nature of the cells, and presence 
of mixed cell types including mesenchy- 
mal and lymphoid elements. Thus, in' 
pan because of the paucity of animal 
models and the jack of in vitro systems 
to study pure populations of tumor cells, 
classification of endothelial tumors of 
lymphatic or blood vascular origin rema- 
ins largely based on morphologic criteria 
and clinical behavior. Although tumor 
modulation by hormones, immunorcgula- 
tory substances, and growth factors 
seems almost wjthin our grasp, detection 
and treatment of these neoplasms has 
progressed little over the past several 
decades beyond refinement or extension 
of surgical resection." 

Understanding the structural- func- 
tional interrelationships between the 
blood and lymphatic vasculatures in vho 
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Fig. 6. Transmission electron microscopy (A-D) of cultured rumor ceils reveals relatively smooth cell sur- 
faces with few microvillous projections, numerous vesicles, and cytoplasm rich wish Calgi and rau%h endo- 
plasmic reticulum. Abundant Welbel- Pelade bod Us (A, arrow; B, higher magnification) are seen surrounded 
by bundles of intermediate filaments cteract eristic of lymphatic endothelium. Higher power detail of Inter- 
mediate filaments can lx list appreciated \n C. Typical macula adherens, overlapping intercellular junx- 
tlons art also shown (C.D). (A^xliSSO; B*xdl,300; C*x43.4$0; Dc*26,6S0) (8: used by permission).' ■ 
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KLPPQ- TP EN ALU AY SYNDROME . 

Fig. 7. J- year-old girl *Uh Kllpptl-Trenxvtxy. syndrome inching ihe right leg. In addition to the char- 
acterlsllc port wing nevus and agenesis of the deep venous system, small pedal arteriovenous ftstulae tym* 
* phscbuigraphy f^^Tc albumin) ****** abberrant lateral "pick-up" with a large, dilated truncal "lake" 
reaching the lateral groin only after r^tny flours. The Left leg is unremarkable. Computed tomography with 
contrast enhancement TJggests diffuse lymptongiomatcus change wtih little or no edema ftuid in the rigfU 
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VEGFR-2 were stimulated with tenfold concentrated 
medium from cultures -transfected wiih mouse VEGF-C 
expression vector aod autophosphorylation was analyzed. 
For comparison, cells treated with tenfold concentrated 
medium containing human recombinant VEGF-C (Joukov et 5 
al.. (1996)), unconeentrated mcdiucn from human V'EGF-C 
bacuLovirus infected insect ceils, or pervanadate (a lyrosyl 
phosphatase inhibitor) were used. Tn response to human 
baculoviral VEGF-C as well as pervanadate treatment. 
VEGFR-2 was prominently phosphorylated. whereas human is 
and mouse recombinant VEGF-C gave a weak and barely . 
detectable enhancement of autophosphorylation, respec- 
tively. Media from cell cultures trans fected with empty 
vector or VEGF-C cloned in the antiscn.se orientation did not 
induce autophosphorylation of VEGFR-2. Therefore, mouse 15 
VEGF-C binds to VEGFR-3 and activates this receptor at a 
much lower concentration than needed for the activation of 
VEGFR-2. Nevertheless, the invention comprehends meth- 
ods for using the materials of the invention to take advantage - 
of the interaction of VEGF-C with VEGFR-2. in addition 10 
the interaction between VEGF-C and VEGFR-3. 

EXAMPLE 27 

VEGF-C E104-E213 Fragment Expressed in Pichia 

Yeast Stimulates Autophosphorylation of FIt4 - 
(VEGFR-3) and KDR (VEGFR-2) 

A truncated form of human. VEGF-C cDNA was con- 
structed wherein (1) the sequence encoding residues of a 

. putative mature VEGF-C amino terminus H Z N-E(104)ET[K \ Z 
(SEQ ID' NO: 8, residues 104 et seq.) was fused in-frame to 

■ the yeast PHOl signal sequence (lnvilrugen Pichia Expres- 
sion Kit, Catalog #Kl7l0-0l), and (2) a stop coda 11 was 
introduced after amino acid 213 (H,N- . . . RCMS; i.e., after 
codon 213 of SEQ ID NO: 7). The resultant truncated cDNA 15 
construct was then inserted into the Piciiia nastnris expres- 
sion vector pHIL-Sl (Invitrogen). For the cloning, an inter- 
nal BgHI site in the VEGF-C coding sequence was mutated 

. wiihouL change of the encoded polypeptide sequence. 
This VEGF-C expression vector was then transfected into 
Pichia cells and positive clones were identified by screening 
for the expression of VEGF-C protein in the culture medium 
by WesLern blotting. One positive clone was grown in a 50 
ml culture, and induced with methanol for various periods of . 
time from 0 to 60 hours. About ID jn\ of medium was 45 
analyzed by gel electrophoresis, followed by Western blot- 
ting and detection with anti-VEGF-C antiserum, as 
described above. An approximately 24 kD polypeptide 
(band spreading was observed due to glycosylation) accu- 
mulated in the culture medium of cells transfected with the 53 
recombinant VEGF-C construct, but uot in the medium of 
mock-transfected cells or cells transfected with the vector 
alone. 

The medium containing the recombinant VEGF-C protein 
was concentrated by Ccntricon 30 kD cutoff ultrafiltration 55 
and used to. stimulate NIH 3T3 cells expressing FU4 
(VEGFR-3) and" porcine aortic endothelial (PAE) cells 
expressing KDR (VEGFR-2). The stimulated cells were 
lysed and immunoprecipitated using VEGFR-speciric anti- 
sera and the immunoprecipitalcs were analy*ed by Western 63 
blotting using anti-phosphotyrosinc antibodies, 
chemiiuminesccnce, and fluorography. As a positive control 
for maximal autophosphorylation of the VEGFRs, vanadate 
(VO4) treatment of the cells for 10 minutes was used. 
Medium from Pichia cultures secreting the recombinant 65 
VEGF-C polypeptide induced autophosphorylation of both 
FU41 polypeptides of 195 kD and 125 kD as well as the 
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KDR polypeptide of about 200 kD. Vanadate, on the other 
hand, induces heavy lyrosyl phosphorylation of the receptor 
bands in addition to other bands probably coprecipitatmg 
witn trie receptors. 

These results demonstrate that a VEGF-homologous 
domain of VEGF-C consisting ' of amino acid residues 
104C-213S (SEQ ID NO: 8, residues 104-213) can be 
rccnmbinantly produced in yeast and is capable of stimu- 
lating the autophosphorylation of FU4 (VEGFR-3) and KDR 
(VEGFR-2). Recombinant VEGF-C fragments such as the 
fragment described herein, which are capable of stimulating 
Flt4or KDR autophospliorylation are intended as aspects of 
the invention; methods of using these fragments arc. also- 
within the scope of the invention. 

EXAMPLE 2S 

Properties of the Ditfcrcutiallv Processed Forais of 
VEGF-C 

The following oligonucleotides were used to generate a 
set of VEGF-C variants and analogs: 

5'- TCl'OTCTGTGOTGAGTl'GAG-3' (SEQ IU NO: 

15) , used to gencrnte VEGF-C R102S (argininc mutated to 

serine at position 102 (SEQ IT) NO: S)); 

5 . /rc] . cri . cru . rcccrGAG . rrGAG0 . (St ;g IL) no . 

16) , used to generate VEGF-C R102G (argininc mutated to 
glycine at position 102 (SEQ ID NO: S)); 

S'-TGTGCTGCAGCAAAJ TITA1AG TCTC1TCTGT- 
GGCGGCGGC GG CGG CG GGCGCCTCG C G A G G A CC- 
3* (SEQ ID NO: 17), used to generate VEGF-C AN (deletion 
of N-terminal propeptide corresponding to amino acids 
32-102 (SEQ ID NO: S)); 

5'- CTG G C AG G G AACTG CTAATAATGG AATG AA-3' 
(SEQ ID NO: IS), used to generate VEGF-C R226,227S 
(arginine codons mutated to serines at positions 226and 227 
(SEQ ID NO: 8)); 

D'-GGGCTCCGCGTCCGAGAGGTCGACTCCGGA- 
CTCGTGATGGT . G ATGG TG ATGG GCGG - 
CGGCGGCGGCGGGCGCCTCGCGAGGACC-3' (SEQ 
ID NO: 19), used to generate VEGF-C iNHis (this construct 
encodes a polypeptide with a fix His tag fused to approxi- 
mately the N-terminus of the secreted precursor, as 
described in Example 21 (amino acid 33 of SEQ ID NO: S)). 

Some of the foregoing VEGF-C mutant constructs were 
further modified to obtain additional constructs. For 
example, VEGF-C R102G in p ALTER (Promega) and" oli- 
gonucleotide 

5 1 - GTATTATA AT GTCCTCCA C C AA ATTTTATAG - 3' 
(SEQ ID NO: 20) were used to generate VEGF-C 4G, which 
encodes a polypeptide with four point mutations: R102G, 
AllQG, A111G, and A112G (alanines mutated to glycines at 
positions L10-1I2 (SEQ ID NO: 8). These four mutations 
are adjacent to predicted sites of cleavage of VEGF-C 
expressed in PC-3 and recorabtnantly expressed in 293 
EBNA cells. 

Another construct was created using VEGF-C AN and 
oligonucleotide 

S'-GTTCGCTGCCTGACACTGTGGTAGTGTTGCTGGC 
G G C C G C TA G T G AT GOTO AT G G T G AT- 
G AATAATG G AATG AACTTGTCTG TAAAC ATCC AGO* 
(SEQ ID NO: 21) to generate VEGF-C ANACHis. This 
construct encodes a polypeptide with a deleted N-terminal 
propeptide (amino acids 32-102); a deleted C-terminal 
propcptide.(amino acids 226-419 of SEQ ID NO: 3); and an 
added 6xHis tag al the C-tcrminus. 

All constructs were further digested with Hindi II and 
Notf, subekmed into Hindlll/Noil digested pREP7 vector. 
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and u.-cd to transfcet 293 ERNA cells. About ^ hours after 
trans ft ctio n. the cells were either metabolieaUy labelled 
with Pro-mix™ as described above, or starved in serum -free 
medium tor 2 days. Media were then collected and used in 
subsequent experiments. As can be seeu from FIGS. 11A-B. 
wild type (wt) VEGF-C, VEGF-C MHis and VEGF-C 
ANiidlis were expressed to similar levels in 293 CDNA 
cells. At the same time, expression of the VEGF-C 40 
polypeptide was considerably lower, possibly due to the" 
changed conformation and decreased stability of the trans- 
lated product. However, all the above VEGF-C mutants 
were secreted from the cells (compare FIGS. 11A and 11B). 

The conditioned media from the transfected and starved 
cells were concentrated 5- fold and used to assess their 
abilitv to stimulate tyrosine phosphorylation of Ftt4 
(VEGFR-3) expressed in NIH 3T3 cells and KDR (VEGFR- 
2) expressed in PA£ cells. Wild type (wt) VEGF-C, as well 
as all three mutant polypeptides, stimulated tyrosine phos- 
phorylation of VEGFR-3. The most prominent stimulation 
observed was by the short mature VEGF-C ANACHis. This 
mutant, as well as VEGF-CNHis, also stimulated tyrosine 
phosphorylation of VEGFR-2. Thus, despite the fact that a 
major component of secreted recombinant. VEGF-C is a 
dimer of 32/29 kD. the active part of VEGF-C responsible 
for its binding to VEGFR-3 and VEGFR-2 is localized 
' beiween amino acids 102 and 226 (SEQ ID NO: S) of the 
VEGF-C precursor. Analysis and comparison of binding 
properties and biological activities of these VEGF-C pro- 
teins and mutants, using assays such as those described 
.herein, will provide data concerning the significance of the 
observed major 32/29 kD and 21-23 kD VEGF-C processed 
forms. 'Ihc data indicate that constructs encoding amino acid 
residues 1U3-225 of the VEGF-C precursor (SEQ ID NO: 8) 
generate a recombinant ligand that is functional for both 
VEGFR-3 and VEGFR-2. 

The data from this and preceding examples demonstrate 
that numerous fragments of the VEGF-C polypeptide retain 
biological activity. A naturally occurring VEGF-C polypep- 
tide spanning amino acids 103-226 (nr 103-227) of SEQ ID 
NO: 8, produced by a natural processing cleavage defining 
the C-terminus, has been shown to be active. Example 27 
-demonstrates that a fragment with residues 104-213 of SEQ 
ID NO: S retains biological activity. 

_ In addition, data from Example 21 demonstrates that a 
VEGF-C polypeptide having its amino terminus at position 
112 of SEQ ID NO: 8 retains activity. Additional experi- 
ments have shown that a fragment lacking residues 1-U2 of 
SEQ ID NO: S retains biolugieal activity. 

In a related experiment, a stop codoo was substituted for 
the lysine at position 214 of SEQ ID NO: S (SEQ ID NO: 
7, nucleotides 991-993). The resulting recombinant 
polypeptide still was capable of inducing Flt4 
autophosphorylation, indicating that a polypeptide spanning 
amino acid residues 113-213 of SEQ ID NO: 8 is biologi- 
cally active. 

Sequence comparisons of members of the VEGF family 
of polypeptides provides an indication that still smaller 
fragments of the polypeptide depicted in SEQ ID NO: 8 will 
retain biological activity. In particular, eight highly con- 
served cysteine residues of the VEGF family of polypeptides 
define a region from residues 131-211 of SEQ ID NO: 8 (see 
FIG. 10) of evolutionary significance; therefore, a polypep- 
tide spanning from about residue 131 to about residue 211 
is expected to retain VEGF-C biological activity. In fact, a 
polypeptide which retains the conserved motif RCXXCC 
(e.g., a polypeptide comprising from about residue 161 to 
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ahnut residue 211 of SEQ ID NO: 8 is postulated to retain 
VEGF-C biological activity. To maintain native conforma- 
tion of these fragments, it may be preferred to retain about 
1-2 additional amino acids at the carboxy-terminus and 1-2 

5 or more amino acids at the amino terminus. 

Rcyond the preceding considerations, evidence exists that 
smaller fragments and-'br fragment analogs which lack the 
conserved cysteines nonetheless will retain VEGF-C bio- 
logical activity. Consequently, the materials and methods of 

1:: the invention include all VEGF-C fragments, variants, and 
analogs that retain at least one biological activity of VEGF- 
C. regardless of the presence or absence of members of the 
conserved set of cysteine residues. 

15 EXAMPLE 29 

Expression of Human VEGF-C Under the Humaa 
K14 Keratin Promoter in Transgenic Mice Induces 
Abundant Growth of Lymphatic Vessels in the Skin - 

z: The Fit- receptor tyrosine kinase is relatively specifically - 
expressed in the cndolhelia of lymphatic vessels. Kaipainen 
et al., Froc. Natl, Acad. Sci: {USA), 92: 3566-3570 ( 1995). 
Furthermore, the VEGF-C growth factor stimulates the Fli4 
receptor, showing less activity towards the KDR receptor of 

- 5 blood vessels (Joukov et al. f EMBOJ.. 15 : 290-295 (1996): 
See Example 26). 

Experiments were* conducted in transgenic mice to ana- 
lyze the specific effects of VEGF-C overcxprcssion in tis- 
sues. The human K14 keratin promoter is active in the basal 
cells of stratified squamous epithelia (Vassar et at, Proc. 
Mali Acad. ScL (USA), 86:1563-1567 (1989)) and was used 
as the expression control element in the recombinant 
VEGF-C transgene. The vector containing the K14 keratin 
. promoter is described in Vassar et al., Genes Dev.. 

'* 5:714-727 (1991) and Nelson et ah, J. Cell Biol. 
97:244-251 (1983). 

The recombinant VEGF-C transgene .was constructed 
using the human full leugth VEGF-C cDNA(GenBauk Acc. 

4 » No. X94216). Ihis sequence was excised from a pCl-neo 
vector (Promcga) with Xhol/Notl, and the resulting 2027 
base pair fragment containing the open reading frame and 
stop codon (nucleotides 352-1611 of SEQ ID NO: 7) was 

• isolated. The isolated fragment- was then subjected to an 
45 end-filling reaction using the Klenow fragment of DNA 

polymerase. Tlie blunt-ended fragment was then ligatcd to a 
similarly opened Bam HI restriction site in the K14 vector. 
The resulting construct contained the EcoRI site derived 
from the poly linker of the pCI-neo vector. This EcoRI site 

sz was removed using standard techniques (a Klenow- 
mediated till- in reaction following partial digestion of the 
recombinant intermediate with EcoRI) to facilitate the sub- 
sequent excision of. the UNA fragment to be injected into 
fertilized mouse oocytes. 

55 The resulting clone, designated K14-VEGF-C, is illus- 
trated iu FIG. 20 of comiuouly-owued PCT patent applica- 
tion PCT/FI96/00427, filed Aug. 01, 1996. 

The EcoRI -Hindi II fragment from clone K14 VEGF-C 
containing the K14 promoter, VEGF-C cDNA; and K14 

60 polyadenylation signal was isolated and injected into fertil- 
ized oocytes of the FVB-NIH mouse strain. Hie injected 

• zygotes were transplanted to oviducts of pseudop regnant 
C57BU6xDBA/2J hybrid mice. The resulting founder mice 
were analyzed for the presence of the transgene by poly- 

65 me rase chain reaction of tail DNA using the primers: 
5*-CATGTACGAACCGCCAG-3' (SEQ ID NO: 22) and 
i'-AATGACCAGAGAGAGGCGAG-S' (SEQ ID NO: 23). 
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In addition, the tail DNAs.wcrc subjected to EcoRV diges- 
tion and subsequent Southern analysis using the EcoRI- 
Hindlll fragment injected into the mice. Out ot' 8 pups 
analyzed at 3 weeks of age, 2 were positive, having approxi- 
mately 40-50 copies and 4-6 copies of the transgene in their 5 
respective genomes. 

The mouse with the high copy [lumber transgene was 
small, developed more slowly than its litter mates and had 
difficulty eating (i.e., suckling). Further examination showed 
a swollen, red snout and poor fur. Although fed with a rJ 
special liquid diet, it suffered from edema, of the upper 
respiratory and digestive tracts after feeding and had breath- 
ing difficulties. This mouse died eight weeks after birth and 
was immediately processed for histology,, 
immunohistocbemistry, and in situ hybridization. 15 

Histological examination showed that in comparison to 
the skin of littermates, the dorsal dermis of K.14- VEGF-C 
transgenic mice was atrophic and connective tissue was 
replaced by iar^e lacunae devoid of red cells, but lined whh 
a thiu endothelial layer. These distended vessei-like struc- 2 Z 
rures resembled those seen in human lymphangiomas. The 
number of skin adnexal organs and- hair follicles were 
reduced. In the snout region, an increased number of vessels 
was also seen. Therefore, VEGF-C overexpression in the . 
basal epidermis is capable of promoting the growth of 2 5 
extensive vessel structure in the underlying skin, including 
large vessel lacunae. The endothelial cells surrounding these 
lacunae contained abundant FU4 MRNA in in situ hybrid- 
ization (sec Examples 23 and 30 for methodology). 'Hie ■ 
vessel morphology indicates that VEGF-C stimulates the JC 
growth of vessels having features of lymphatic vessels. The 
other. Kl 4- VEGF-C transgenic mouse had a similar skin 
histopathology. 

Nineteen additional pups were analyzed at 3 weeks of age 
for the presence of the VEGF-C transgene, bring the number 35 
of analyzed pups to twenty-seven. A third transgene-positive 
pup was identified, having approximately 20 copies of the 
transgene in its genome. The 20 copy mouse and the 4—6 
copy mouse described above transmitted the "gene to 6 out of 
U and 2 out of 40 pups, respectively. The physiology of *c 
these additional transgenic mice were further analyzed. 

The adult transgenic mice were small and had slightly- 
swollen eyelids and poorly developed fur. Histological 
examination showed that the epidermis was hyperplastic and 
the number of hair follicles was reduced; these effects were 45 
considered unspecific or secondary to other phenolypic 
■ changes. -The dermis was atrophic (45% of the dermal 
thickness, compared to 65% in littermate controls) and its 
connective tissue was replaced by large dilated vessels 
devoid of red cells, but lined with a thin endothelial cell 50 
layer. Such abnormal vessels were confined to the dermis 
and resembled the dysfunctional, dilated spaces character- 
istic uf hyperplastic lymphatic vessels. See Fossura, el al.,/. 
Vet. Int. Med., 6: 283-293 (1992). Also, the ultrastructural 
features were reminiscent of lymphatic vessels, which difier 55 
from .hlood vessels by having overlapping endothelial 
junctions, anchoring filaments in the vessel wall, and a 
discontinuous or even partially absent basement membrane. 
See Leak,A/z'cror(ZSc. Res., 2: 361-391 (1970). Furthermore, 
antibodies against collaucn tvpes IV, XVHI [Muragaki ct al., 60 
Proc. Natl. Acad. ScL USA, 92: S763-S776 (1995)] and 
laminin gave very weak or no staining of the vessels, while 
the basement membrane staining of other vessels was promi- 
nent. The endothelium was also characterized by positive 
staining with monoclonal antibodies against desmoplakins I 65 
and II (Progen), expressed in lymphatic, but not in vascular 
endothelial cells. See S clime lz et al., Differentiation, 57: 
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97-117 (1994). Collectively, these findings strongly sug- 
gested that the abnormal vessels were of lymphatic origin. 

In Northern hybridization studies, abundant VEGF-C 
MRNA was delected in the epidermis and hair follicles of 
the transgenic mice, while mRNAs encoding its receptors 
VEGFR-3 and VEGFR-2 as well as the Tie-1 endothelial 
receptor tyrosine kinase [Korhonen et al. ; Oncogene, 9: 
395-403 (1994)] were expressed in endothelial cells lining 
the abnormal vessels. In the skin of litiermate control 
animals, VEGFR-3 could be detected only in the superficial 
subpapillary layer of lymphatic vessels, while VEGFR-2 
was found in all endulhclia. in agreement wiih. earlier 
finding. See Milkuier el al.. Cell 72: 1-20 (1993); and 
Kaipainen et al., Pwc. Sail Aciui ScL USA, 92: 3566-3570 
(1995). 

The lymphatic endothelium has a great capacity to distend 
in order to adapt to its functional demands. To determine 
whether vessel dilation was due to endothelial distension or 
proliferation, in viiro proliferation assays were conducted. 
Specifically, to measure DNA synthesis. 3mmx3mm skin 
biopsies from four transgenic and four control mice were 
incubated in D-MEM wittrlO micrograms/ml BrdU for 6 
hours at 37° C. fixed in 70% ethanol for 12 hours, and 
embedded in paraffin. After a 30 minute treatment with 0.1% 
pepsin in 0.1 M HCI at room temperature to denature DNA, 
stainine was performed using mouse monoclonal anli-BrdL' 
antibodies (Amcrsham). Il appeared that the VEGF-C- 
receptor interaction in the transgenic mice transduced a 
mitogenic signal, because, in contrast to littermate controls, 
the lymphatic endothelium of the skin from young K.14- 
VEGF-C mice showed increased DNA synthesis as demon- 
strated' by BrdU incorporation followed by staining with 
anti-BrdU antibodies. This data further confirms that 
VEGF-C acts as a true growth factor in mammalian tissues. 

In related experiments, a similar VEGF transgene did not 
induce lymphatic proliferation, but caused enhanced density 
of hyperpermeabic, lurtuous blood raicruvessels instead. 

Angiugenesis is a raullislep process'which includes endot- 
helial proliferation, sprouting, and migration. See Folkman 
et al.,/. Biui Chem., 267: 10931-10934 (1992). To estimate 
the contribution of such processes to the transgenic 
phenolype, the morphulogy and function of the lymphatic 
vessels was analysed using fluorescent microlymphography 
using techniques known in the art. See Leu et al., Am. J. 
Physiol., 267: 1507-1513 (1994); and Swartz ct al., /I /il ./. 
Physiol., 270: 324-329 (1996). Briefly, eight-week old mice 
were anesthetized and placed on a heating pad to maintain 
a 37° C. temperature. A 30-gauge needle, connected to a 
catheter ulled with a solution uf FITC-dextran 2M (S my/ml 
in PBS), was injected in trade rtn ally into the tip of the tail. 
The solution was infused with a constant pressure of 50 era 
water (averaging roughly '0.01 microliters per minute flow 
rate) until the extent of uetwork filling remained constant 
(approximately 2. hours). Flow rate and fluorescence inten- 
sity were monitorerd continuously throughout the experi- 
ment. In these experiments, a typical honeycomb-like net- 
work with similar mesh sizes was observed in both control 
and transgenic mice, but the diameter of lymphatic vessels 
was about twice as large in the transgenic mice, as summa- 
rized in the table below. (The intravital fluorescence micros- 
copy of blood vessels was performed as has been described 
in the art. See Fukumura et al., Cancer Res., 55: 4324-4829 
(1995).) 
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Some dysfunction of the abnormal vessels was indicated by 
the tact that it took longer for the dextran to completely till 
the abnormal vessels. Injection of FlTC-dexiran into the tail 
vein, followed by fluorescence microscopy- of the ear. 
showed that ihe blood vascular morphology was' unaltered 
and leukocyte rolling and adherence appeared normal in the 
transgenic mice. These results suggest lhal the endothelial 
proliferation induced by VEGF-C leads to hyperplasia of the 
superficial lymphatic network but docs not induce the 
sprouting of new vessels. 

These effects of VEGF-C overexpression are unexpect- 
edly specific, especially since, as described in other 
examples. VEGF-C is also capable of binding to and acti- 
vating VEGFR-2, which is the major autogenic receptor of 
blood vessel endothelial cells. In culture, high concenira- 
tions"of VEGF-C stimulate the growth and migration of 
bovine capillary endothelial cells which express VEGFR-2, 
but not significant amounts of VEGFRO. In addition. 
VEGF-C induces vascular permeability in the Miles assay. 
[Miles, A. A., and Miles, E. M., J. Physiol., 118:225-257 
(1952); and Udaka, et al., Proc. Soc. Exp. Biol. Med, 
133:1384-1387 (1970)], presumably via its effect on 
VEGFR-2. VEGF-C is less potent than VEGF in the Miles 
assay, 4- to 5-fold higher concentrations of VEGF-C 
ANACHis being required to induce the same degree of 
permeability. In vivo, the specific effects of VEGF-C on 
lymphatic endothelial cells may reflect a requirement for the 
formation of VEGFR-3xVEGFR-2 heterodimers for endot- 
helial cell proliferation at physiological concentrations of 
the growth factor. Such possible heterodimers may help to 
explain how three homologous VEGFs exert, partially 
redundant, yet strikingly specific biological effects. 

The foregoing in vivo data indicates utilities for both (i) 
VEGF-C polypeptides and polypeptide variants and analogs 
. having VEGF-C biological activity, and (ii) anti-VEGF-C. 
antibodies and VEGF-C antagonists that inhibit VEGF-C 
activity (e.g.,* by binding VEGF-C or interfering with 
VEGF-.C/receptor interactions. For example, the data indi- 
cates a therapeutic utility for VEGF-C polypeptides in 
patients wherein growth of lymphatic tissue may be desir- 
able (e.g., in patients fullowing brea-sl cancer or other i 
surgery where lymphatic tissue has been removed and where 
lymphatic drainage has therefore been compromised, result- 
ing in swelling; or in patients suffering from elephantiasis). 
The data indicates a therapeutic utility for anti-VEGF-C . 
antibody substances and VEGF-C antagonists for conditions < 
wherein growth-inhibition of lymphatic tissue may be desir- 
able (e.g., treatment of lymphangiomas). Accordingly, meth- 



od.- of administering VEGF-C and VEGF-C variants, 
analogs, and antagonists are contemplated as methods and 
materials of the invention. 

EXAMPLE 30 

Expression of VEGF-C and Flt4 in the Developing 
Mouse 

Emhryos from a 16-day post -coitus pregnant mouse were 
■ prepared and fixed in 47c paraformaldehyde (PFA), embed- 
ded in paraffin, and sectioned at 6 urn. The sections were 
placed on silaoated microscope slides and treated with 
xylene, rehydrated, fixed for 20 uiiuuies in 49c PFA, treated 
with proteinase K (7 rag/ ml; Merck, Darmstadt. Germany) 
' for 5 minutes at room temperature, again fixed in PFA 
and treated with acetic anhydride, dehydrated in solutions 
with increasing ethanol concentrations, dried and used for in 
situ hybridizatioa. 

(n 'situ hybridization of sections was performed as 
described (Vastrik el al., J. Cell UioL 128:1197-1208 
(1995)). A mouse VEGF-C antisense RNA probe was gen- 
erated from linearized pBluescript II SK+plasmid 
(Stratagene Inc.), containing a fragment corresponding to 
nucleotides 499-979 of mouse VEGF-C cDNA, where" the 
noncoding region aud the BR3P repeat were retnoved by 
Exonuclease III treatment. The fragment had beeu cloned 
into the. EcoRI and Hindlll sites of pbluescript 11 SK+. 
Radiolabeled RNA was synthesized using T7 RNA Poly- 
merase and [ 33 S]-UTP (Amershara, Little Chalfont, UK). 
About two million cpm of the VEGF-C probe was applied 
per slide. After an overnight hybridization, the slides were 
washed first m 2xSSC aiid~20-30 mM DDT for 1 hour at 50° 
C. Treatment continued with a high striugeucy wash, 4xSSC 
and 20 mM DTT and 50<3 de ionized forma midc for 30 
minutes at 65° C. followed by RNase A treatment (20 /fg/ml) 
for 30 minutes at 37° C. The high stringency wash was 
repeated for 45 minutes. Finally, the slides were dehydrated 
and dried for 30 minutes at room temperature. The slides 
were dipped into photography emulsion and exposed for 4 
weeks. Slides were developed using Kodak D-16 developer, 
counterstained with hematoxylin and mounted with Per- 
mount (FisherChemical). 

For in situ hybridizations of FU4 sequences, a mouse FU4 
CDNA fragraeQt covering bp 1-192 of the published 
sequeuce (Finnerty et al., Oncogene, 8:2293-2298 (1993)) 
was used, and the above -described protocol was folio wed 
with the following exceptions. Approximately one million 
cpm of the Flt4 probe were applied to each slide. The 
stringent washes following hybridization were performed in 
IxSSC and 30 mM DTT for 105 minutes. 

Darkficld and light fie Id photomicrographs from, these 
experiments are presented in commonly-owned PCT patent 
application PCT/FI96/00427, filed Aug. 1, 1996, incorpo- 
rated by reference herein. Observations from the photomi- 
crographs are summarized below. 

The most prominently FU4-hybridizing structures 
appeared to correspond to the developing lymphatic and 
venous endothelium. A plexus-like endothelial vascular 
structure surrounding Ihe developing nasopharyngeal 
mucous membrane was observed. *Ihe most prominent sig- 
nal using the VEGF-C probe was obtained from the posterior 
part of the developing nasal conchae. which in higher 
magnification showed the epithelium surrounding loose con- 
nective tissue/forming cartilage. This structure gave a strong 
in situ hybridization signal for VEGF-C. With the VEGF-C 
probe, more weakly hybridizing areas were observed around 
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the snnut, although this signal is much more homogeneous 
in appearance. Thus, the expression of VEGF-C is strikingly 
high in ihe developing nasal eonebae. 

The eonchae are surrounded with a rich vascular plexus, 
important in nasal physiology as a source tor the mucus 
produced by the epithelial cells and for warming inhaled air. 
It is suggested that VEGF-C is important in the formation of 
the concheal venous plexus at the mucous membranes, and 
that it may also regulate the permeability of the vessels 
ueeded for the secretion of nasal uiucus. Possibly, VEGF-C 
and its derivatives, and antagonists, could be used in the 
regulation of the riirgor of the concha I tissue and mucous 
membranes and therefore the diameter of the upper respi- 
ratory tract, as well as the quantity and quality of mucus 
produced. These factors are of great clinical significance in 
inflammatory (including allergic) and infectious diseases of 
the upper respiratory tract. Accordingly, the invention con- 
templates the use of the materials of the invention, including 
VEGF-C, Fit 4, and their derivaiives, in methods of diag- 
nosing and treating inflammatory and infectious conditions 
affecting the upper respiratory tract, including nasal struc- 
tures. 

EXAMPLE 31 

Characterization of the Exon-iiitron Organization of 
the Human VEGF-C Gene 

Two genomic DNA eloues covering exous 1, 2, aud 3 of 
the human VEGF-C gene were isolated from a human 
genomic DNA library using VEGF-C cDNA fragments as' 
probes. In particular, a human genomic library in bacte- 
riophage EMBL-3 lambda (Clontech) was screened using a 
PCR-generated fragment corresponding to nucleotides 
629-746 of the human VEGF-C cDMA (SEQ ID NO: 7). 
One positive cloue, designated ''lambda 3/* was identified, 
and the insert was subcloned as a 14 kb Xhol fragment into 
the pRlucscript I! (pRSK IF) vector (Stratagenc). The 
genomic library also was screened with a labeled 130 bp 
Notl-SacI fragment from the 5'-noncoding region of the 
VEGF-C cDNA (the Not! site is in the polyliaker of the 
cloning vector; the Sad site corresponds to nucleotides 
"92-97 of SEQ ID NO: 7). Two positive cloues, designated 
"lambda 5 ! ' and "lambda 8," were obtained. Restriction' 
mapping analysis showed that clone lambda 3 contains 
exoas 2 and 3, while clone lambda 5 contains exon 1 and the 
putative promoter region. 

Three genomic fragments containing exons 4, 5, 6 and 7 
were subcloned from a genomic VEGF-C PI p las mid clone. 
In particular, purified DNA from a genomic Pi p'lasmid 
cloue 7660 (Paavonen et al.. Circulation, 93: 1079-10S2 
(1996)) was used. EcoRI fragments of the Pi insert DNA 
were ligated into pBSK II vector. Subclones of clone 7660 
which contained human VEGF-C cDNA homologous 
sequences were identified by colony hybridization, using the 
full-length VEGF-C CDNA as a probe, 'lhree different 
genomic fragments were identified and isolated, which con- 
tained the remaining exons 4-7. 

To determine the genomic organization, the clones were 
mapped using restriction endonuclease cleavage. Also, the 
codiug regions aud exon-intron junctions were partially 
sequenced. The result of this analysis is depicted in FFGS . 12 
and 13 A. The sequences of all intron-exon boundaries (FIG. 
13A, SEQ ID NOs: 24-35) conformed to the consensus 
splicing signals (Mount. Nuci Acids Res., 10: 459-472" 
(19S2)). The length of the imron between exon 5 and 6 was 
determined directly by nucleotide sequencing and found to 
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be 301 bp. The length of the intrnn between exons 2 and 3 
. was determined by restriction mapping and Southern hybrid- 
ization and was found to be about 1.6 kb. Each of the other 
intron is over 10 kb in length. . 
5 A similar analysis was performed for the murine genomic 
VEGF-C gene. The sequences of murine VEGF-C intron- 
exon boundaries are depicted in FIG. 138 aud SEQ ID NOs: 
36-47. 

The restriction mapping and sequencing data indicated 
i:j that the VEGF-C signal sequence and the nrst residues of the 
N-terminal propeptide are encoded by exon 1. The second 
exon encodes the carboxy-terminal portion of the N-terminal 
propeptide and the amino terminus of the VEGF homology 
domain. The most conserved sequences of the VEGF homol- 
,^ °S>' domain are distributed in exous 3 (containing 6 con- 
served cysteine residues) and 4 (containing 2 cys residues). 
The remaining exoas encode cysteine-rich motifs of the type 
C-6X-C-I0X-.CRC (exons 5 and 7) and a fivefold repeated 
motif of type C-6X-B-3X-C-C-C. which is typical of a silk 
protein. 

To further characterize the human VEGF-C gene 
promoter, the lambda 5 clone was further analyzed. Restric- 
tion mapping of this clone using a combination of single- 
and double-digestions and Southern hybridizations indicated 
that it includes: (1) an approximately 6 kb region upstream, 
of the putative initiator Al'G codon, (2) exon 1, and (3) at 
least 5 kb of intron 1 of the VEGF-C gene. 

A 3.7 kb Xba 1 fragment of cloue lambda 5, containing 
exon 1 and 5' and-3' flanking sequences, was subcloned and 
33 further analyzed. As reported previously, a major VEGF-C 
mRNA band migrates at a position of about 2.4 kb. Calcu- 
lating from the VEGF-C coding sequence of 1257 bp and a 
391 bp 3' noncoding sequence plus a poLyA sequence of 
about 50-200 bp, the mRNA start site was estimated to be 
about 550-700 bp upstream of the trauslation initiation 
codon. 

RNase protection assays were employed to obtain a more 
■ precise localization of the mRNA start site. 'Ihe results of 
these experiments indicated' that the RNA start site in the 
ac human VEGF-C gene is located 539 bp upstream of the ATG 
translational initiation codon. 

To . further characterize the promoter of the human 
' VEGF-C gene, a genomic clone encompassing about 2.4 kb 
upstream of the translation initiation site was isolated, and 
45 the 5' noncoding cDNA sequence and putative promoter 
re u: ion were sequenced. The sequence obtained is set forth in 
SEQ ID NO: 48. (The beginning of the VEGF-C cDNA 
sequence set forth in SEQ ID NO: 7 corresponds to position 
2632 of SEQ ID NO: 48; the translation initiation endon 
5G corresponds to positions 2983-2985 of SEQ ID NO: 4S.) 
Similar to what has been observed with the VEGF gene, the 
VEGF-C promoter is rich in G and C residues and lacks 
consensus TATA and CCAAT sequences. Instead, it has 
numerous putative binding sites (5'-GGGCGG-3' or 
55 5'-CCGCCC-3') for Spl, a ubiquitous nuclear protein that 
can initiate transcription of TATA-less genes. See t^gh and 
Tjian, Genes and Dew, 5:105-119 (1991). In addition, 
sequences upstream of the VEGF-C translation start site 
were found to contain frequent consensus binding sites for 
60 the AP-2 factor (S'-GCCN-jGCC-T) and binding sites fur the 
AP-1 factor (5 - TKASTCA-3'). Binding sites for regulators 
of- tissue -specific gene expression,- like NFKB and GATA, 
are located in the distant part of VEGF-C promoter. This 
suggests that the cAMP-de pendent protein kinase ado* pro- 
of tein kinase C, as activators of AP-2 transcription factor 
[Curran and Franza, Cell, 55:395-397 (1988)], mediate 
VEGF-C transcriptional regulation. 
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The VEGF-C gene is abundantly expressed ' in adult 
human tissues, such as heart, placenta, ovary and small 
intestine, and is induced by a variety of factors. Indeed, 
several potential binding sites for regulators of tissue- 
specific gene expression, like NFUB (5'-GGGRNTYYC-3') 5 
and GA1A. are located in the distal part of the V'EGF-C 
promoter. For example. NFkR is known to regulate the 
expression of tissue factor in endothelial cells. Also, tran- 
scription factors of the GATA family are thought to regulate 
cell- type specific gene expression. 

Unlike VEGF, the VEGF-C gene docs not contain a 
binding site for the hypoxia-inducible factor, HIF-1 (Levy et 
aL/. Biol. Chcm., 270: 13333-13340 (1995)). This finding 
suggests that if the VEGF-C MRNA is regulated by hypoxia, 
the mechanism would be based mainly on the regulation of 
MRNA stability. In this regard, numerous studies have 
shown that the major control point for the hypoxic induction 
of the VEGF gene is the regulation of the steady-state level 
of mRNA. See Levy ct al.,/. Biol. Cfiem., Hi: 2746-2753 
(1996). The relative rate of VEGF mRNA stability and decay ,„ 
is considered to be determined by the presence of specific 
sequence motifs in its 3' untranslated regiou (UTR), which 
have been demonstrated to regulate MRNA stability. (Chen 
and Shyu, Afni. Cell BioL, 14: S471-84S2 (1994)). The 
3'-UTR of the VEGF-C gene also contains a putative motif 
of this ivpe (TTATTT), at positions 1S73-1S7S of SEQ ID 
NO: 7. ' 

To identify DNA elements important for basal expression 
of VEGF-C in transfected cells, a set of luciferase' reporter 
plasmids containing serial 5' deletions through the promoter 
region was constructed. Restriction fragments of genumic 
DNA containing 5' portions of the first exon were cloned 
into the polylinker of the pGL3 reporter vector (Promega) 
and confirmed by sequencing. About 1 0 ag of the individual 
constructs in combination with 2 ug. of pSV2-[3- , 5 
galactosidase plasmid (used as a control of transfection 
efficiency) were transfected into HeLa cells using the cal- 
cium phosphalc-mcdialcd transfection method. Two days 
after trausfectiou, the ceils were harvested and subjected to 
the luciferase assay. The luciferase activity was normalized 4: 
to that of the pd .3 control vector driven by SV40 promoter/ 
eahancer. 

As depicted in FIG. '15, the 5:5 kb Xbol-Rsrll fragment of 
clone lambda 5 gave nearly 9-fold elevated activity when 
compared with a promoter less vector. Deletion of a 5' 45 
Xhol-Hindlll fragment of 2 kb had no effect on the promoter- 
act iv it y. The activity of the 1.16 kb Xbal-Rsrll fragment was 
about twice that of the pGL3 basic vedor, while the activity 
of the same fragment in the reverse orientation was at 
background LeveL Further deletion of the Xbal-SacI frag- 5^ 
mem caused an increase in the promoter activity, suggesting 
the presence of silencer elements in the region from -1057 
to -199 (i.e.. 199 to 1057 bp upstream from the transcription 
initiation site). The shortest fragment (SacII-Rsrll) yielded 
only background activity, which was consistent with the fact 55 
that the mRNA initiation site was not present in this con- 
struct. r 

S To determine whether further sequences in the first exon 
of human VEGF-C are important for basal expression,, an 
Rsrll fragment spanning nucleotides 214-495 (i.e., 214-495 6Z 
bp downstream from the transcription initiation site) was 
subcloned in between of Xbal-Rsrll fragment and the 
luciferase reporter gene. Indeed, the obtained construct 
showed an 50 % increase in activity when compared with the 
Xbal- Rsrll cousiruct. 65 

The VEGF gene has been shown to be up-regulated by a 
uumber of stimuli including serum derived growth factors. 
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To find out whether the VEGF-C gone also can he stimulated 
by serum. RNA from serum-starved and serum -stimulated 
HT1080 cells was subjected to primer extension analysis, 
which demonstrated that VEGF-C MRNA is up-regulated by 
serum stimulation. 

Additional serum stimulation experiments indicated that 
the serum stimulation leads to increased VEGF-C promoter 
activity. Cells were transfected as described above and 24 h 
after transfection changed into medium containing 0.5CJ- 
bovine scrum albumin. Cells were then stimulated with W% 
fetal calf serum for 4 hours and analyzed. The Xbal-Rsrll 
promoter construct derived from lambda 5 yielded a twofold 
increased activity upon serum stimulation, while the same 
fragment in the reverse orientation showed no response. Ail 
other promoter constructs also showed up-regulalion. rang- 
ing from 1.4 to 1.0 fold (FIG. 15). 

EXAMPLE 32 

Identification of a VEGF-C Splice Variant 

As reported in Example 16. a major 2.4 .kb VEGF-C 
mRNA and smaller amounts of a 2.0 kb tnRNA are observ- 
able, lb clarify the origin of these KNAS, several additional 
VEGF-C cDNAs were isolated and characterized. A human 
fibrosarcoma CDNA library from HTI0SO cells in the 
lambda gtll. vector (Clootech, product #HLl043b) was 
screened using a 153 bp human VEGF-C cDNA fragment as 
a probe as described in Example 10. See also Joukov et al., 
EMBO J., 15:290-298 (1990). Nine positive clones were 
picked and analyzed by PCR amplification using oligonucle- 
otides 5'-CACGGCTTATGCAAGCAAACi-3' (SEQ ID NO: 

49) and 5-AACACAGTTTTCCATAATAG-3' (SEQ ID NO: 

50) These oligonucleotides were selected to amplify the 
portion of the VEGF-C cDNA corresponding to nucleotides 
495-1661 of SEQ ID NO: 7. PCR was performed using an 
aunealing temperature of 55° C. and 25 cycles. 

The resultant PCR products were electrophoresed on 
agarose gels. Five clones out of the nine analyzed generated 
PCR fragments uf the expected length of 1147 base pairs, 
whereas one was slightly shorter. The shorter fragment and 
one of the fragments of expected length were cloned into the 
pCRTMII vector (Inviirogen) and analyzed by sequencing. 
The sequence revealed that the shorter PCR fragment had a 
deletion of 153 base pairs, corresponding to nucleotides 904 
to 1055 of SEO ID NO: 7. These deleted bases correspond 
to exon 4 of the human and mouse VEGF-C genes, sche- 
matically depicted in FIGS. 13 A and 13B. Deletion of exon 
4 results in a frameshift, which in turn results in a C-terminal 
t mac at ion of the full-length VEGF-C precursor, with fifteen 
amino acid residues translated from exon 5 in a different 
frame than the frame used to express the full-length protein. 
Thus, the C-terminal amino acid sequence of the resulting 
truncated polypeptide would be — Leu (lSl)-Ser-Lys-Thr- 
Val-Ser-Gly-Ser-Glu-Glu-Asp-Leu-Pro-His-Glu-Leu-His- 
Val-Glu (199) (SCQ ID NO: 51). The polypeptide encoded 
by this splice variant would not contain the C -terminal 
cleavage site of the VEGF-C precursor. Thus, a putative 
alternatively spliced RNA form lacking conserved -exon 4 
was identified in HT-1080 fibrosarcoma cells and this form 
is predicted to encode a protein of 199 amino acid residues, 
which could be an antagonist of VEGF-C. 

EXAMPLE 33 

VEGF-C is Similarly Processed in Different CeLl 
Cultures in Vitro 
To study whether VEGF-C is similarly processed in 
different cell types, 293 EBNA cells, COS-l ceils and 
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HT-10S0 cclis were transacted with wild type human 
VEGF-C CDNA and labelled with Pro-Mix™ as described 
in Example 22. The conditioned media from the cultures 
were collected and subjected to immunoprecipitation using 
antiserum S82 (described in Example 21, Recognizing a 
peptide corresponding to amino acids 104-120 ot" SEQ ID 
NO: tS). The immunoprccipitatcd polypeptides were sepa- 
rated via SDS : PAGE, and detected via autoradiography. The 
in a joi : form o f secre te d r e c o nib in an t V E G F - C obse rved fro m 
all" cell lines tested is a 29/32 kD doublet. These two 
polypeptides are bound to each other by disulfide bonds, as 
described in Example 22. A less prominent band ot" appro xi- 
. mateiy 21 kD also was detected in the culture media. 
Additionally, a non-processed VEGF-C precursor of 63 kDa 
was observed. This form was more prominent in the COS-1 
cells, suggesting that proteolytic processing of VEGF-C in 
COS cells is less efficient than in 293 EBNA cells. Endog- 
enous VEGF-C (in non-inmsr.ee ted cells) was not detectable 
under these experimental conditions in the FIT- 1080. cells, 
but was readily detected in the conditioned medium of the 
PC-3 cells. Analysis of the subunit polypeptide sizes and 
ratios in PC-3 cells and 293 EBNA cells revealed strikingly 
similar results: the most prominent form was a doublet of 
29/32 kDa and a less prominent form the 21 kD polypepiide. 
The 21 kD form . produced by 293 EBNA cells was not 
recognized by the SS2 antibody in the Western blot, although 
it is recognized when the same antibody is used for immu- 
aocrecipitation (see data in previous examples). As reported 
in Example 21, cleavage of the 32 kD form in 293 EBNA 
cells occurs between amino acid residues 111 and 112 (SEQ 
ID NO: S), downstream of the cleavage site in. PC-3 cells 
(between residues 102 and 103). The re Lure, the 21 kD form 
produced in 293 EBNA cells does not contain the complete 
N-termioal peptide used to generate antiserum S82. In a 
related experiment, PC-3 cells were cultured in serum-free 
medium for varying periods of time (1^8 days) prior to 
isolation of the conditioned medium. The conditioned 
medium was concentrated using a. Centricun device 
(Am icon, Beverly, USA) and subjected to Western* blotting 
analysis using antiserum SS2. After one day of culturing, a 
prominent 32 kD band was detected. Inc- reusing amounts of 
a 21-23 kD form were detected in the conditioned media 
from 4 day a ad 3 day cultures. The diffuse nature of this 
polypeptide band, which is simply called the 23 kD polypep- 
tide in example 5 and several subsequent examples; is most 
likely due to a heterogeneous and variable amount of 
glycosylation. These results indicate that, initially, the cells 
secrete* a 32 kD polypeptide, which is further processed or 
cleaved in (he medium to yield the 21-23 kD form. The 
micTuheterogeneily of Ibis polypepiide band would then 
arise from the variable glycosylation ■ degree and, from 
oucroheterogeaeily of the processing cleavage sites, such as 
obtained for the amino terminus in PC-3 and 293 EBNA cell 
cultures. The carboxyl terminal cleavage site could also 
vary, examples of possible cleavage sites would be between 
residues 225-226, 226-227 and 227-228 as well as between 
residues 2 L6— 217. Taken together, these data suggest the 
possibility that secreted cellular protcase(s) are responsible 
for the generation of the 21-23 kD form of VEGF-C from 
the 32 kD polypeptide. Such proteases could be used in vitro 
to cleave VEGF-C precursor proteins in solution during the 
production of VEGF-C, or used in cell culture and in vivo to 
release biologically active VEGF-C. 

EXAMPLE 34 

Differential Biuding of VEGF-C Forms by the 
Extracellular Domains of VEGFR-3 and VEGFR-2 
- In two parallel experiments, 293 EBNA ceils were trans- 
fected with a construct encoding recombinant wild type 
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VEGF-C or a construct encoding VEGF-C aNACHis 
(Example 2S) and about 48 hours after transfection. meia- 
bolically labelled with Pro -Mix™ as described in previous 
examples. The media were collected from mock- transfec ted 

5 and trausfected cells and used for receptor binding analyses. 
Receptor binding was carried out in hinding buffer (PRS, 
0.5% BSA, 0.02% Tween 20, I microgram/ml heparin) 
containing approximately 0.2 microgram of either (a) a 
fusion protein comprising a VEGFR-3 extracellular domain 

l - fused to an immunoglobulin sequence (VEGFR-3-Ig) or (b) 
a fusion protein comprising VEGFR-2 extracellular domain 
fused to an alkaline pbosphalase .sequence (VEGF-R-2-AP; 
Cao et al.,./. Rint. Client. 27 1 :31 54—62 (1 99fi)). As a control, 
similar aliqubts of the 293 EBNA conditioned media were 

^ mixed with 2 id of ami- VEGF-C antiserum (VEGF-C IP). 
After incubation for 2 hours al room temperature, auli- 
VEGF-C antibodies and VEGFR-3-lg protein were 
adsorbed to protein A-scpharosc (PAS) and VEGFR-2-AP 
was immunoprecipitated using anti-AP monoclonal antibod- 

1Z ies (Medi.x Biotech, Genzyme Diagnostics. San Carlos. 
Calif., USA) and protein G-sepharose. Complexes contain- 
ing VEGF-C bound to VEGFR-3-Ig or VEGFR-2-AP were 
washed three times in binding buffer, twice in 20 inM 
Tris-HC'l (pH 7.4) and VEGF-C immunoprecipitates were 

15 washed three times in R1PA buffer and twice in 20 mM 
tris-HCl (pH 7.4) and analyzed via SDS-PAGE under reduc- 
ing and Qonreducing" conditions. t\s a control, the same 
media were precipitated with anti-AP and protein 
G -ye ph arose (P.GS) or with PAS to control fur possible 

" w nonspecific adsorption. ... 

These experiments revealed that VEGFR-3 bound to both 
the 32'29 kD and 21-23 kD forms of recombinant VEGF-C. 
^whereas VEGFR-2 bound preferentially to the 21-23 kD 

1S component from the conditioned media. In additioa, small 
amounts of 63 kD and 52 kD VEGF-C forms were observed 
binding with VEGFR-3. Further analysis under nonreducing 
conditions indicates that a great proportion of the 21-23 kD 
VEGF-C bound to either receptor does not contain inter- 
„ chain disulfide bonds. These findings reinforce the results 
~ that VEGF-C binds VEGFR-2. This data suggests a utility 
for recombinant furms of VEGF-C which arc "active towards 
VEGFR-3 only or which are active towards both VEGFR-3 
and VEGFK-2. On the other hand, these results, together 
. with the results in Example 28, do not eliminate the possi- 

43 bility that the 32/29 kD dimer binds VEGFR-3 but does -not 
activate it. The failure of the 32/29 kD dimer to activate 
VEGFR-3 could explain the finding that conditioned 
medium from the N-His VEGF-C transCected cells induced 

s „ a less prominent tyrosine phosphorylation of VEGFR-3 than 
"medium from VEGF-C AN&CHis transfected cells, even 
though expression of the former pol ypeptide was much 
higher. Stable VEGF-C poly-peptide mutants that bind to a 
VEGF-C receptor but fail to activate the receptor are useful 
as VEGF-C antagonists, 

EXAMPLE 35 

Discovery of VEGF-C Analogs That Selectively 
Bind to and Activate VEGFR-3, But Noi VEGFR-2 

60 

To further ideutify the cysteine residues of VEGF-C that 
are critical for retaining VEGF-C biological activities, an 
• additional VEGF-C mutapt, designated VEGF- 
CANACHisCl56S, was synthesized, in which the cysteine 
65 residue at position 156 of the 419 amino acid VEGF-C 
precursor (SEQ ID NO: S; Genbank accession number 
X9421G) was replaced with a serine residue. 
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The mm agenesis procedure was -carried out using the 
construct or." VEGF-CANACHis (see Example 28), cloned in 
the pALTER vecior. and the Altered sites II in vitro 
mutagenesis svstera of Promeua. An oligonucleotide. 
5'-GACGGACACAGATGGAGGlTTAAAG- 3' (SEQ ID s 
.NO: 52) was used to introduce ibe desired mutation iu the 
CDN A encoding VGGT- CAN AO lis. The resulting mutated" 
VEGF-C cDNA fragment was suhcloned into the Hindi 11/ 
Noil sites of the pREP-7 vector (Invitrogen), and the final 
construct was resequenced to confirm the C156S mutation. i:j 
The resultant clone has an open reading frame encoding 
amino acids L 03-225 of SEQ ID NO: S (with a serine codou 
at position 156) T and further encoding a 6xHis tag. 

The wildtvpe VEGF-C cDNA and three VEGF-C mutant 
constructs (VEGF-C R226.227S, VEGF-C ANACHis, and ^ 
VEGF-C ANACHisC156S) were used to transfect 293 
EBNA cells, which were subcultured 10 hours after traus- 
fectiou. About 48 hours after traosfectiou, the media were 
changed to DMEM/0.1% BSA. and incubation in this 
medium was continued for an additional 48 hours. The 2- 
resultant conditioned media were concentrated 30-fold using 
Centriprep-10 (Amicon). and the amount of VEGF-C in the 
media was analyzed by Western blotting using the anti- 
VEGF-C antiserum SS2 for immunodetection. Different 
amounts of the recombinant VEGF-C ANACHis, purified - 5 
from a yeast expression system, were analyzed in parallel as 
reference samples to measure and equalize the VEGF-C 
concentrations in the conditioned media. The conditioned 
medium from raock-transfected cells was used to dilute the 
VEGF-C conditioned media to achieve equal concentra- & 
tiotis. 

An altiquot of the trans feet cd cells were mctabnlically 
labelled for 6 h with 100 microcuries/ml of the PRO-MIX™ 
L- [ 35 S] in viiro cell labelling mix (Amersham). The con- 
ditioned media were collected, and binding of the radioac- 
tive lv labelled VEGF-C proteins to the extracellular 
domains of VEGFR-3 and VEGFR-2 was analyzed using 
recombinant^ produced VEGFR-3ECMg and VEGFR-2EC- 
Ig constructs (containing seven and three Ig loops of the 
extracellular domains of the respective receptors, fused to an 
immunoglobulin heavy chain constant region). 

As shown in FIG. 14 A, all processed VEGF-C forms 
secreted, to the culture medium bound to VEGFR-3EC 
domain, with preferential binding of the 21 kDa form (left 45 
panel). When present at high concentrations, the VEGF-C 
forms of 58 kDa and 29/31 kDa bound to some extent 
aou-speeincally to protein A Sepharose (PAS, right pauel). 

The VEGFR-2EC domain preferentially bound the 
mature 21 kDa form of wildtype VEGF-C and VEGF- 5 ~ 
C ANACHis. Significantly, VEGF-CANACHisC156S failed 
to bind the VEGFR2-EC (FIG. 14A. middle panel). 

Next, the ability of the above-described VEGF-C 
polypeptides to compete with the l25 l~ VEGF-C ANACHis 
for binding to VEGFR-2 and VEGFR-3 was analyzed. 55 
Scatchard analysis using VEGF-C ACANHis provided indi- 
cations of the VEGF-C binding affinity tor VEGFR-3 (K^ 
135 pM) and VEGFR-2 (K^-410 pM). Ten micrograms of 
the purified yeast VEGF-C ANACHis" was labeled using 3 
mCi of Iodine- 125. carrier-free (Amersham), and an [odo- $3 
Gen lodination Reagent (Pierce), according to the standard 
protocol of Pierce. The resulting specific activity of the 
labeled VEGF-CANACHis was 1.25xi0 5 epm/ug. 

To study receptor binding, PAE/VEGFR-2 and PaE/ 
VEGFR-3 cells were seeded into 24-well tissue culture 65 
plates (Nunclon), which had been coated with 2% gelatin in 
PBS. The 123 - VEGF-C ANACHis (2xt0 5 epui) and different 
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amounts of media containing equal concentrations of l he 
non-labeled VEGF-C (wildtype and mutants) were added to 
each plate in Ham's F12 medium, containing 25 mM 
HEPES (pH 8.0"). 0.19c BSA. and 0.1% NaN 3 . The binding 
was allowed to proceed at room temperature for 90 minutes. 
The plates were then 'transferred onto ice and washed three 
times with ice-cold PBS' containing 0.1/*. DSA. The cells 
were then lyscd in I M NaOH, the lysafes were collected, 
and the radioactivity was measured using a Y" counler - Bind- 
ing in the presence of VEGF-C-containing conditioned 
medium was calculated as a percentage of binding observed 
in parallel coutrol studies wherein equal volumes of medium 
from mock-transfected cells were used instead of VEGF-C 
conditioned media. 

As showa in FIG. 14B. left panel, all VEGF-C mutants 
displaced ; "t-VEGF-CANACHis from VEGFR-3. The effi- 
ciency of displacement was as follows: VEGF- 
CANACIIisCL56S>VCC.F-CANACMis>wildtype VXGF- 
C>VEGF-CR226.227S. These results indicate that enhanced 
binding to VEGFR-3 was obtained upon "recombinant 
maturation" of VEGF-C. Recombinant VEGFL65 failed to 
displace VEGF-C from VEGFR-3. 

VEGF. VEGF-CANACHis,- and wildtype VEGF-C all 
efficiently, displaced labeled VEGF-CANACHis from 
VEGFR-2. with VEGF-CANACHis being more potent when 
compared to wildtype VEGF-C (FIG. IB, right panel). The 
non-processed VEGF-C R220,227S showed otily weak 
competition of 123 IA'EGK-CANACHis. 

Surprisingly, -VEGF-CANACHisRl56S failed to displace 
VEGF-CANACHis from * VEGFR-2. thus cuufirming the 
above described results obtained using a soluble extracellu- 
lar domain of VEGt'R-2. *" ' 

The ability of the above mentioned VEGF-C forms to 
stimulate tyrosine phosphorylation of VEGFR-3 and 
VEGFR-2 was also investigated. Importantly, identical dilu- 
tions of the conditioned media were used for these experi- 
ments and for the competitive binding experiments 
described above. A Western blot analysis of the conditioned 
media using anti-VEGF-C antiserum SS2-was performed to 
confirm the approximately equal relative amounts of the 
faciurs present. 

The stimulation of VEGFR-3 and VEGFR-2 autophos- 
phorylation by the different VEGF-C' forms in general 
correlated with their binding properties, as well as with the 
degree oC "recombinant processing 1 ' of VEGF-C. The 
VEGF-CANAGHisCl56S appeared to be at least as poteut as 
VEGF-CANACHis in stimulating VEGFR-3 autophospho- 
rylation. VEGF-CANACHis showed a higher potency when 
compared to wildtype VEGF-C in its ability to stimulate 
tyrosine autophosphorylation of both VEGFR-2 and 
VEGFR-3. The VEGF-CR226,227S conditioned medium 
possessed a co aside rably weaker effect on a ulu phosphory- 
lation of VEGFR-3, and almost 110 effect ou VEGFR-2 
autophosphorylation. 

Stimulation of VEGFR-2 tyrosine phosphorylation by 
VEGF-CANACHisCl56S did not differ from that of condi- 
tioned medium from the mock trausfected cells, thus con- 
firming' the lack of VEGFR-2-binding and'VEGKR-2- 
activating properties of this mutant. 

'1 lie ability of VEGF-C ANACHisC156S to alter vascular 
permeability in vivo was analyzed using the Miles assay (sec 
Example 29). The recombinant VEGF-C forms assayed 
(ANACHis, ANACHisCl56S) were produced by 293 cells, 
purified from conditioned media using Ni-NTA Superflow 
resin (QlAGEN) as previously described, and pretrealed 
with 15 t ((g' , uil of auti-humau VEGF neutralizing .antibody' 
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(R&D systems) to neutralize residual amounts of 
co-purified, endogenous!}-' produced VEGF. Eight picomoles 
of the various VEGF-C forms, as well as 2 pmol of recom- 
binant human VEGF165 (R&D systems) and approximately 
2 piuol of VEGFL65 from the conditioned medium which 5 
were either no a- treated or pre treated with the above men- 
tioned 'VTGF-neinmlizing antibody were injected subema- 
ncously to the back region of a guinea pig. The area of 
injection was analyzed 20 minutes after injections. Both 
VEGF and VEGF-C ANACHis caused increases in vascular \z 
permeability ; whereas ANACHisCl56S did not affect vas- 
cular permeabiLity. The neutralizing antibody completely 
blocked permeability activity of VEGF but did not affect 
VEGF-C activity. Residual permeability activity observed 
for the VECiF-containing conditioned medium even after its is 
treatment with VEGF neutralizing antibody was presumably 
caused by permeability factors other than VEGF that are 
produced by 293 -cells. 

The Miles assay also was used to assay the ability of 
VEGF-C R226,227S (8 pM, prctrcatcd with anti-VEGF 
antibody) to induce vascular permeability. The results indi- 
cated that the ability of VEGF-C R226,227S to induce 
vascular permeability was much weaker when compared to 
wildtype and ANACHis forms of VEGF-C Collectively, this 
Miles assay data is consistent with the VEGFR-2 binding - 
and autophosphorylationdam described above, and indicates 
that VEGF-C effect on vascular permeability is mediated via 
VEGFR-2. 

The foregoing data indicates that proteolytic processing of 
VEGF-C results in an increase in its ability to bind and to ~° 
activate VEGFR-3 and VEGFR-2. Non-processed VEGF-C 
is a ligand and an activator of preferentially VEGFR-3, 
while the mature 21/23 kDa VEGF-C form is a high affinity 
ligand and an activator of both VEGFR-3 and VEGFR-2. ^ 

Moreover, replacement of the cysteine residue at position 
156 (of prepro-VtGF-C, SEQ ID NO: 8) creates a selective 
ligand and activator of VEGFR-3. This alteration inactivates 
the ability of processed VEGF-C to bind to VEGFR-2 and 
to activate VEGFR-2. Importantly, it is believed that the 4C 
elimination of the cysteine at position 156 is the alteration 
responsible for this unexpected alteration in VEGF-C 
selectivity, and not the substitution of a serine per se. It is 
expected that replacement of the cysteine at position 156 
with other amino acids, or the mere deletion of this cysteine, 4 _ 
will also result in VEGF-C analogs having selective bio- 
logical activity with respect to VEGFR-3. All such replace- 
ment and deletion analogs (collectively referred to as 
VEGF-C AC :St , polypeptides) are contemplated as aspects 
of the present invention. jC 

VEGF-C polypeptides that have the C156S mutation (or 
functposition equivalent mutations at position 156) and that 
retain biological activity with respect to VEGFR-3, such as 
VEGF-C ANACHisCl56S. are useful in all of the same * 
maimers described above for wildtype VEGF-C proteins and 55 
biologically active fragments thereof where VEGFR-3 
stimulation is desired. It is contemplated ihat most biologi- 
cally active VEGF-C fragments and processing variants, 
including but not limited to the biologically active fragments 
and variants identified in preceding examples, will retain ti2 
VEGF-C biological activity (as mediated through VEGFR- 
3) when a AC iSS mutation is introduced. All such biologi- 
cally active VEGF-C AC i5(S polypeptides arc intended as"an 
aspect of the present invention. 

iMoreover..VEGF-C forms containing the C156S mutation <>5 
or equivalent mutations can be used to distinguish those 
effects of VEGF-C mediated via VEGFR-3 and VEGFR-2 
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from those obtained via only VEGFR-3. The ability of such 
VEGF-C polypeptides to selectively stimulate VEGFR-3 arc 
also expected to be useful in clinical practice, it being 
understood that selectivity of a pharmaceutical is highly 
desirable in many clinical contexts. For example, the selec- 
tivity of VEGF-C AC\< ri polypeptides for VEGFK-3 binding 
suggests a utility for these peptides to modulate VEGF-C 
biological activities mediated through VEGFR-3, without 
significant concomitant modulation of blood vessel perme- 
ability or other VEGF-C activities thai are modulated 
through VEGFR-2. 

The data presented herein also indicates a utility for AC l56 
polypeptides that are capable of biuding VEGFR-3, but that 
do not retain biological activity mediated through VEGFR- 
3. Specifically, such forms arc believed to he capable of 
competing with wildtype VEGF-C for binding to VEGFR-3, 
and are therefore contemplated as molecules that inhibit 
VEGF-C-rnediated stimulation of VEGFR-3. Because of the 
AC, 5b alteration, such polypeptides (especially eovaleur or 
iioncovalent dimers of such polypeptides) are not expected 
to bind VtGFR-2. l"hus, certain AC 130 polypeptides and 
polypeptide dimers arc expected to have utility as selective 
inhibitors of VEGF-C biological activity mediated through 
VEGFR-3 (i.e., without substantially altering VEGF-C 
•mediated stimulation of VEGFR-2). 

hi another embodiment of the itiveuiiou, heterodimers 
comprising a . biologically active VEGF-C polypeptide in 
association with a AC l5( J polypeptide arc contemplated. H is 
contemplated that such heterodimers can be formed in vitro, 
as described below in Example 37. or formed in vivo-with 
endogenous VEGF-C following administration of a AC l56 
polypeptide. Such heterodimers are contemplated as modu- 
lators of VEGF-C mediated effects in cells where the bio- 
logical effects of VEGF-C are mediated through VEGFR- 
2/VEGFR-3 heterodimers. VEGF-C AC 150 polypeptides in 
homodimers or in heterodimers with wt VEGF-C might 
selectively inhibit the ability of the latter to induce VEGF- 
like effects, particularly to increase the vascular permeabil- 

EXAMPLE 36 

Utility lor VEGF-C in Promoting Myelopoiesis 

The effects of VEGF-C on hematopoiesis were also 
analyzed. Specifically, leukocytes populations were ana- 
lyzed in blood samples taken from the Fl transgenic mice 
described in Example 29, and from their no n- transgenic 
littermates. Leukocyte population data from these mice and 
from non-transgenic FVB-NIH control mice (i.e., the strain 
used to generate the transgenic mice) are set forth in the 
tables below. 







FVB/MtH MICE 










male 


mate 


female 


male 








5.5 


5.5 ■ 


9.5 


9.5 






Cell Type 


mocltu 


months 


cnoriths 


moaths 


mean s o 


Lymphocyte* 


' 72.20^ 




S*.25tt 


7d.25% 


73.22 


= 5.10 


Nctr.ruphiLs 




15.17?* 




22.25"* 


13.67 


= 3.9S 


Monocytes 


0.65<* 


1.00^ 


0.25* 


0.50<2>- 


0.60 


= 0.27 


Eosinophils 


2.15** 


1.70% 


1.25% 


3.00% 


2.03 


= 0.65 


Basophils 


0.00^6 


0.00 


0.00** 


0.00 To 


0 


= 0 
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VGGF-C TRANSGENIC MICC 






niile 


..ale 


male 




Cell Type 


2 tnca:h; 


t 3.5 nontr^s 


~ ir.o.nhs 


mecn r u 


Lyophxry-.es 


41.3^ 




lS.?iKr 


3J.£3 s 10.70 


Neutrophils 


55.J"> 


:3.Wr 


SO. 1 7f? 


6J.C9 s 12.09 


Monocyte 


Z..6 e i 


l.W 






Eosinophils 


;.:7c> . 


3.50 ( > 


<>yr< 


J. '2 = 1.29 


Basophils 


0.00 '7; 


O.UJ*> 




u = :; 


VEGF-C NEGATIVE CONTROL MICE ("NON-TRAS'SGENIC 


LrrrcRMATcs of vccf-c transgcnic micd 






male max 


mi'.lc 








2 3.5 






Cell Type 


. months 


months rnorr.lis 


mcnths 


nisar. = a 


Lymphocytes 


39.0C f r 




71J0-? 


75.7 = iza: 


Neutrophils 


7.7fr 


23-CKKr "\00?e- 


2 J. "5 ~r 


■.S.3S = 3.0 J 


Monocytes 




0.50'.> o.s-3^ 




U.9C = 0.37 


Eosinophils 


l.ft'r 


y.l>J«.r 0.&7-.C 


-U"IJ : .r 


3.7'J = 3.25 


Basophil* 


0.00 


O.OKc 0.50x 


C50> 


0.25 - 0.25 



As the foregoing data indicates, the over/expression of 
VEGF-C in the skin of the transgenic mice correlates with 
a distinct alteration in leukocyte populations.' Notably, the 
measured populations of neutrophils were markedly, 
increased jn the transgenic mice. One explanation for the 
marked increase in neutrophils is a myelopoietic activity 
attributable to VEGF-C. A VEGF-C influence on leukocyte 
trafficking in and out of tissues also may effect observed 
neutrophil populations. Fluorescence -activated cell sorting 
. analysis, performed on isolated human bone marrow and 
umbilical cord blood CD34-positive hematopoietic cells, 
demonstrated that a fraction ofthe.se cells are positive for 
Flt4 ( VEGFR-3). Thus, the VEGF-C effect on myelopoiesis ' 
may be exerted through this VEGFR-3-positive ceil popu- 
lation and its receptors, In any case, the foregoing data 
indicates a use tor VEFG-C polypeptides to increase granu- 
locyte (and, in particular, neutrophil) counts in human or 
non-human subjects, i.e., in order to assist the subject fight 
infectious diseases. The exploitation of the myelopoielic 
activity of VEGF-C polypeptides is contemplated both in 
vitro (i.e., in cell culture) and in vivo, as a sole myelopoielic 
agent and in combination with other effective agcnLs (e.g., 
granulocyte colony stimulating factor (G-CSF)). 

Additional studies of the myelopoielic effect of VEGF-C. 
using VEGF-C mutants (e.g., VEGF-C &C l56 polypeptides, 
VEGF-C ANACHis. VEGF-C R226.227S) having altered 
VEGFR-2 binding affinities, will elucidate whether this 
effect is mediated through VEGFR-2, VEGFK-3, or both 
receptors, for example. The results, of such analysis will be 
useful in determining which VEGF-C mutants have utility as 
myeiopoietic agents and which have utility as agents for 
inhibiting myelopoiesis. 

EXAMPLE 37 

Generation of Heterodimers Consisting of Members 
of the VEGF Family of Growth Factors 

i 

Both naturally-occurring and recombinantly-produccd** 
heterodimers of polypeptides of the PDGF/VEGF family of 
growth factors have been shown to exist in nature and 
possess autogenic activities. See, e.g., Cao el al.. /. Biol. 
Ciiem., 271:3154-62 (1996); and DiSaWo, et al., J. Biol, i 
Client., 270:7717-7723 (1995). Heterodimers comprising a 
VEGF-C polypeptide may be generated essentia!' •• ns 



described In Cao ci jl. (1996), U5i'ng recombinant^ pro- 
duced VEGF-C polypeptides, such as the V'EGF-C polypep- 
tides described in the preceding examples. Briefly, a recom- 
binantly produced VEGF-C polypeptide is mixed at an 
equimolar ratio with another . recombinant^ produced 
polypeptide of interest, such as a VhGF, VEOV-tJ, PLGF, 
PDGFa, PDGFp, or c-fos induced growth factor polypep- 
tide. (See, e.g.. Cao et al. (1990); Collins et al.. Nature, 
316:748-750 (19S5) (PDGF-0, . GenBank Acc. No. 
X023 U): Claesson -Welsh et al., Proc. Natl. Acad. Sci. USA. 
S6(13):4917-4921 (19S9) (PDGF-ou GenBank Acc. No. 
M22734): Claesson-We Ish et al.. Mot. Cell. Biol. 
8:3476-3486 (19SS) (PDCF-fl, GenBank Acc. No. 
M2I6I6); Olofsson et al.. Proc. Natl. Acad. Sci. {USA), 
93:25~6-25Sl (1996) (VEGF-B, GenBank Acc. No. 
1/48801); Maglione et al.. Proc. Natl. Acad. Sci. (USA). 
S8(20):9267-927l (1996) (PIGF. GenBank Acc. No. 
X54936); Heldin et al., Growth Factors, 8:245-252 (1993); 
FoLkman, Nature Med., 1:27-31 (1995); Fricsei et al.. 
FASEBJ., 9:919-25 (1995); Mustonen et al., J. Celt. Biol., 
129:395-98 (1995): Orlandini. S., Proc. Natl. Acad. Sci. 
USA, 93(21): 11675-11680 (1996): and others cited eLse- 
where herein. The mixed polypeptides are incubated in the 
presence of guani dine -MCI and DTT. The thiol groups are 
then protected with- S-sulfonation. and the protein is dia- 
lyzed overnight, initially against urea/giutathione-isH, 
glutathtone-S-S-glutathionc, and subsequently against 20 
mM Tris-HCl. 

In a preferred embodiment, a variety of differently pro- 
cessed VEGF-C forms and VEGF-C variants and analogs, 
such as the ones described in the preceding examples, are" 
employed as the VEGF-C polypeptide used to generate such 
heterodimers. Thereafter, the heterodimers are screened to 
determine their bindini^ aBiailv with respect to receptors at" 
the VEGF/PDGF family (especially VEGFR-1, VEGFR-2, 
and VEGFR-3), and their ability to stimulate the receptors 
(e.g.. assaying for dimcr-stimulatcd receptor phosphoryla- 
tion in cells expressing the receptor of interest on their 
surface): The binding assays may be competitive binding 
assays such as those described herein and in the art. In the 
initial binding assays, recombinamly produced proteins 
comprising the extracellular domains of receptors are ■ 
employable, as described in preceding examples for 
VEGFR-2 and VEGFR-3. Heterodimers that bind and 
stimulate receptors are useful as recombinant growth factor 
polypeptides. Heterodimers that bind but do not stimulate 
receptors are useful as growth factor antagonists. Het- 
erodimers that display agonistic or antagonistic activities in 
the screening assays are further screened using, e.g., endot- 
helial cell migration assays, vascular permeability assays, 
and in vivo assays. It will also be apparent from the 
preceding examples that dimers comprising two VEGF-C 
polypeptides (i.e., dimers of identical VEGF-C polypeptides 
as well as dimers of different VEGF-C polypeptides) are 
advantageously screened for agonistic " atid antagonistic 
activities using the same assays. 

In one preferred embodiment, VEGF-C &C 1Je , polypep- 
tide is employed to make the dimers. It is anticipated that 
agonists and antagonists comprising a VEGF-C AC 13<i 
polypeptide will have increased specificity for stimulating 
and inhibiting VEGFR-3, without concomitant stimulation 
or inhibition of VEGFR-2. 

In another preferred embodiment, VEGF-C polypeptides 
wherein the C-terminal proteolytic cleavage site has been 
altered to reduce or eliminate C-terminal processing (e.g. 
VEGF-C R226,227S) is employed to make dimers for 
screening for inhibitory activity. 
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In yci another preferred embodiment. VEGF-C polypep- 
tides comprising amino-terminal fragments .(e.g., the 
VEGF-C 15 kD form described herein) of VEGF-C are 
employed to make dinners. 

It is further contemplated that inactivaiion of only one * 
polypeptide chain in a dimcr could he enough to generate an 
inhibitory molecule, which is demonstrated e.g., by the . 
generation of PDGF inhibitory mutant as reported in 
Vassbotn,A/t?/. Cell BioL 13:4066^1076 (1993). Therefore, 
in one embodiment, inhibition is achieved by expression iu i:; 
vivo of a polynucleotide (e.g.. a cDNA construct) encoding 
the heterodimerizaiion partner which is unable to bind (or 
binds inefficiently) to the receptor, or by direct administra- 
tion of that monomer in a pharmaceutical composition. 

bXAMPLE 3« 

Formation and Screening of Useful Recombinant 
VEGF/VEGF-C Genes and Polypeptides 

Amino acid sequence comparison reveals that mature 
VEGF-C bears-Structural similarity to VEGF121 [Tischer el 
al. : y. Biol. Client., 266(18): 11947-54 (1991)], with certain 
noteworthy structural differences. For example, mature 
VEGF-C contains an unpaired cysteine (position 137 of 
SEQ ID NO: S) and is able to form non-covalently bonded 
polypeptide dimers. In one embodiment of the invention, a 
VEGF analog is created wherein the unpaired cysteine 
residue from mature VEGF-C is introduced at an analogous 
position of VEGF (e.g., introduced at Lcu, R . of the human - ,„ 
VEGF 165 precursor (FIG. 2 1 Gcnbank Acc. No. M32977) to 
generate a VEGF*"'* mutant designated VEGF L58C). Such 
an alteration is introduced into the VEGF 165 coding 
sequence using site -directed mutagenesis procedures known 
in the art, such as the procedures described above in pre-. 1<; 
ceding examples to generate various VEGF-C mutant forms, 
this VEGF* 0 ' 1 mutant is recombinant ly expressed and is 
screened (alone and as a hctcrodimer with other VEGF and 
VEGF-C forms) for VEGFR-2 and/or VEGFR-3 binding, 
stimulatory, and inhibitory activities, using in vitro and in 
vivo activity assays as described elsewhere herein. To form 



another VEGF analog of the invention, a VEGF^'* mutant 
is altered to remove a conserved cysteine corresponding to 
cyst of the VEGri65 precursor. Climinauon of this cysteine 
from the VEGF would result in a VEGF analog 

resembling VEGF-CANACHisCl56S. This VEGF analog is 
screened for its VEGF- inhibitory activities with respect to 
VEGFR-2 and/or VEGFR-1 and for VEGF-C like stimula- 
tory or inhibitory activities. 

Another noteworthy structural difference between VGGT 
and VEGF-C is the absence in VEGF-C of several basic 
residues found in VEGF (e.g., residues Arg 10a . Lys :ic and 
His J;; in the VEGF 165 precursor shown in FIG. 2) that have 
been implicated in VEGF receptor binding. See Keyt et al., 
J: BioL Cham., 271(10):563S-46 ( 199G). In another embodi- 
ment of the invention, codons for basic residues (lys, arg, 
his) arc substituted into the VEGF-C coding sequence at one 
nr more analogous positions by site -directed mutagenesis. 
For example, in a preferred embodiment, Glu- 97 , Thr l89 , and 
Pro 101 , in VEGF-C (SEQ ID NO: 8) are replaced with Arg. 
Lys, and His residues, respectively. The resultant VEGF-C 
analogs (collectively terme'd '*VEGF-C /w *'"' : ' 1 polypeptides) 
are recombinants expressed and screened for VEGFK-1, 
VEGFR-2. and VEGFR-3 stimulatory and inhibitory activ- 
ity. The foregoing VEGF and. VEGF-C analogs that have 
VEGF-like activity, VEGF-C-like activity, or that act as 
inhibitors of VEGF or VEGF-C, are contemplated as addi- 
tional aspects of the invention. Polynucleotides encoding the 
analogs. also are iuLended as aspects of the invention. 

Deposit of Biological Materials: Plasmid FLT4-L has 
been deposited with the American Type Culture Collection 
(ATCC), 12301 Parklawn Dr., Rockville Md. 20952 (USA), 
pursuant to the provisions of the Budapest Treaty; and has 
been assigned a deposit date of Jul. 24, 1995 and ATCC 
accession aumber 97231. 

While the present invention" has been described in terms . 
of specific embodiments, it is understood that variations and 
modifications will occur to those in the art; Accordingly, 
only such limitations as appear in the appended claims 
should be placed on the invention. 



SEQ/JENCE LISTING 



(1) CENERAL INFORMATION: 

(iii). H'JMBSR OF SEQUENCES: 5 7 



(2) .INFORMATION 70S SEQ ID NO : 1 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4416 base pairs 

( B ) TYPE : nucleic acid 

(C) STRAMJEDNESS : sing La * 
(DJ ':0?OLOGY: linear 

I ill MOLECUL2 TYPZ: cDNA 

(Xi) SEQUZNCZ ZESCRIPTtON: SEQ ZD NC : 1 : 
CCACGCGCAG CGGCCGGAGA 7GCAGCGGGG CGCCGCGCTG TGCCTGCGAC TGTGGCTCTG 
CCTGGGACTC CTGGACGGCC 7GGTGAGTGG CTACTCCATG ACCCCCCCGA CCTTGAACAT 
CACGGAGGAG TCACACGTCA 7CGACACCGG TGAC AGCCTG TCCATCTCCT GCAGGGGACA 



60 
120 

:eo 



GCACCCCCTC GAG7GGGCTT GGCCAGGAGC TCA5GAGGCG CCAGCCACCG GAGACAASGA 2 4 0 
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CAGCGAGGAC ACGGGGGTGG TGCGAGACTG CGAGGGCACA GACGICAGGC CCTAC7GCAA 300 

GC-TGTTGCTC- CTGCACGAGG TACATGCCAA CGACACAGGC AGCTACGTCT CCTAC7ACAA 3 60 

GTACACCAAG GCACGCATCG AGGCC ACC AC GGCCGCCAGC 7CC7ACGTG? TCGTCAGAGA '4 2 0 

CTTTGAGCAG CCATTCATCA ACAACCCTGA CACGCTCTTC GTCAACAC-GA AC-GACGCCAT 4 30 

C-TGGGTGCCC TGT3TGG7GT CCATCCCCGG CCTCAATGTC ACGCTGCGCT CGCAAAGCTC 5 40 

GGTGCTGTGG CCAGACGGGC .AGGAGGTGGT GTGGGACGAC CGGCGGGCCA TGCTCGTGTC 600 

CAC3CCACTG CTGCACGATG CCCTGTACC? GCAGTGCGAG ACC AC CTGGG GAGACCAGGA 6 60 

CTTCC7TTCC AACCCCTTCC TGGTGCAC AT CACAGGCAAC 'GACCTCTATC ACATCCAGCT 720 

GTTGCCZAGC AAGTCGC7GG AGCTGCTGGT AGGGGAGAAG CTGGTCCTGA ACTGCAJCGT 7 90 

GTGGGCTGAG TTTAACTCAG GTGTCACCTT TGACTGGGAC T ACC C AG C-G A AC-CAGGCAGA S40 

CCGCGCTAAG TCGGTGCCCG AGCGACGCTC CCAGCAGACC CACACAGAAC TCTCCAC-CAT 50 0 

C" TO AC CATC CAC AACGTCA GCCAGCACGA CCTGGGCTCG TATGTGTGCA AGGCC AACAA S60 

CGGCATCCAG CGATTTCGGG AGAGCACCC-A GGTCAT7GTG C ATG AAAAT C CCTTCATCAG C20 

CGTCGAGTGC- CTCAAAGGAC CCATCCTGC-A GGCCAOGGCA GGAGACGAGC TGGTGAAGCT 1C30 

GCCCGTGAAG CTGGCAGCGT ACCCCCCGCC CCAGTTCCAG TGGTACAAGC ATGGAAAGGC : 1 40 

ACTGTCCGCG CGCCACAGTC CACATGCCCT GGTGCTC AAG GAGGTGACAG AGGCC AG CAC 1200 

AGGCACCTAC ACCCTCGCCC TGTC-G AACTC. CGCTGCTGGC CTGAGGCGCA ACATCAGCCT 1260 

GC-AGCTSGTC- GTGAATG7GC CCCCCCAGAT AC ATG AG AAG GAGGCCTCCT CCCCCAGCAT 12 20 

CTACTCGCGT . CACAGCCGCC AGGCC CTC AC C7GCACGGCC 7ACGGGGTGC CCCTGCCTCT jBO 

CAGCATCCAG TGGCACTGGC GGCCCTGGAC ACCCTGCAAG . ATGTTTGCCC AGCGT AGTCT 14 4 0 

CCGGCGCCCG CAGCAGCAAG ACCTCATGCC ACAG7GCCGT GAC7GGAGGG CGGTGACCAC 150 0 

GCAGGATGCC CTGAACCCCA TCCAGAGCCT GGACACCTGC ACCGAGTTTC TGGAGGC-AAA 15 SO 

GAATAAGACT GTGAGCAAGC TGGTGATCCA GAATGCCAAC GTGTCTGCCA TGTACAAGTG U2 0 

T3TGG7CTCC AACAAGGTGG GCCAGGATGA GCGGCTCATC TACTTCTATG TC-ACCACCAT 1680 

CCCCGACGGC TTCACCATCG AATCCAAGCC ATCCGAGGAG CTACTAGAGG GCCAGCCGGT 17 40 

GCTCCTGAGC TGCCAAGCCG ACAGCTACAA GTACGAGCAT CTGCGCTGGT ACCGCCTCAA *.6O0 

CCTGTCCACG CTGCACGATG CGCACGGGAA CCCGCTTCTG CTC GACTGC A AG AAC GTGC A IS 60 

TCTGTTCGCC ACCCCTCTGG CCGCCAGCCT GCAGGAGGTG GCACCTGGGG CGCGCCACGC 1920 

CACGCTCAGC CTGAGTATCC CCCGCGTCGC GCCCGAGCAC G AG C-G CC ACT ATGTGTC-CGA 1980 

AGTGCAAGAC CGGCGCAGCC ATG AC AAG C A CTC- CC AC AAG AAGTACCTGT CGGTGCAGGC 2C40 

CCTGGAAGCC CCTCGGCTCA C GC AG AAC TT GACCGACCTC CTGGTGAACG TGAGCGACTC 2 100 

GCTGGAGATC- CAGTGCTTGG TGGCCGGAGC GCACGCGCCC AGCATCGTGT GGTACAAAGA 2 ISO 

CGAGAGGCTG CTGGAGGAAA AGTCT CGAGT CGACTTGGCG GACTCCAACC AGAAGCTGAG 2 2 20 

CATCCAGCGC GTGCGCGAGG AGGATGCGGG ACGCTATCTG TGCAGCGTGT CCAACGCCAA 2 2 80 

GGGCTGCGTC AACTCCTCCG CCAGCGTGGC CGTGGAAGGC TCCGAGCA7A AGGGCAGCAT 2 2 40 

GGAGATCGTG AtCCTTGTCG GTACCGGCGT CATCGCTGTC TTCTT CTGGG TCCTCCTCCT 2400 

CCTCATCTTC TGT AAC ATG A GGAGGCCGGC CCACGCA3AC ATCAAGACGG GCTACCTGTC 2 4 60 

CATC AT C ATG GACCCCGGGG AGGTGCCTCT GGAGGAGCAA TGCGAATACC TGTCCTACGA 2 5 20 

TGCCAGCCAG TGGGAATTCC CCCGAGAGCG GCTGCACCTG GGGACAGTGC TCGGCTACGG 25 80 
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CGCCTTCGGG AAGI-TGGTGG AA3CCTCCGC TTTCGGCATC C ACAAGGC-CA GCAGC7GTGA 2 640 

CACCGTGGCC GTGAAAATGC TGAAAGAGGG CGCCACGGCC ACCCAGCACC GCGCGCTGAT 2 7 00 

GTCCGAC-CTC AAGATCCTCA TTCACATCGG CAACCACCTC AACGTGGTCA ACCTCCTCGG 2 760 

GGCCTGCACC AAGCCGCACG C-CCCCCTCAT CCTGATCGTG GAGTTCTGCA AGTACGGCAA 2S20 

CCTCTCCAAC TTCCTGCGCG CCAAGCGGGA CCCCTTCAGC CCCTGCCCGG AGAAGTCTCC 2SS0 

CGAGCAGCGC GGACGCTTCC GCGCCATGGT GGAGCTCGCC AGGCTGGATC GGAGGCGGCC 29 4 0 

GGGGAGCAGC GACAGGGTCC TCTTCGCGCG GTTCTCGAAG ACCGAGGGCG GAGCGAGGCG 3C0 0 

GGCTTCTCCA GACCAAGAAG CTGAGCACCT GTGGCTGAGC CCGCTGACCA TGGAAGATCT 3C60 

7GTCTGCTAC AGCTTCCAGG TGGCCAGAGG CATGCACTTC CTGCCTTCCC GAAAGTGCAT 3120 

CC AC AG AG AC CTGGCTGCTC GGAACATTCT GCTGTCGGAA AGCGACGTGG TGAAGATCTG J 180 

TGACTTTGGC CTT GCCCGGG ACATCTACAA AGACCCTGAC 7ACCTCCGCA AGGGCAGTGC 3 2 40 

CCGGCTGCCC CTGAAGTGGA TGGCCCCTC-A AAC-CATCTTC GACAAGGTGT ACACCACGCA 3 j00 

GAGTGACGTG TGGTCCTTTG GGGTGCTTCT C7GGGAGATC TTCTGTCTGG GGGCCTCCCC 3 260 

GTACCCTGGG GTGCAGA7CA ATGAGGAGTT CTGCCAGCGG CTGAGAGACG GCACAAGGAT 3*120 
GAGGGCCCCG GAGCTGGCCA CTCCCGCCAT ACGCCGCATC ATGCTGAACT GCTGGTCCGG " 3 48 0 

AGACCCCAAG GCGAGACCTG CATTCTCGGA GC1GGTGGAG ATCCTGCGGG ACCTGCTCCA 3540 

GGGCAGGGGC CTGCAACAGG AAGACGAGGT CTGCATGGCC CCGCGCAGCT CTCAGAGCTC 3 60 0 

AGAAGAGGGC AGCTTCTCGC AGGTGTCCAC CATGGCC CTA CACATCGCCC AGGCTGACGC 3660 

TGAGGACAGC CCGCCAAGCC TGCAGCGCCA CAC-CCIGGCC GCCAGGTATT ACAAC7GGGT 3 72 0 

GTCCTTTCCC GGGTGCCTGG CCAGAGGGGC TGAGACCCGT GCTTCCTCCA GGATGAAGAC 3780 

ATTTGAGGAA TTCCCCA7GA CCCCAACGAC CTACAAAGGC TCTGTGGACA AC C AG AC AG A 3 640 

CAGTGGGATG GTGCTGGCCT CGGAGGAGTT TGAGCAGATA GAGAGCAGGC ATAGACAAGA 3 90 0 

AAGCCGCTTC AGGTAGCTGA AGCACAGAGA GAGAAGGCAG CATACGTCAG CATTTTCTTC 3960 

TCTGCACTTA TAAGAAAGAT CAAAGACTTT AAGACTTTCG CTA7TTCT7C TACTGCTATC 4C20 

TACTACAAAC TTCAAAGAGG AACCAGGAGG AC AAG AG GAG CATGAAAGTG GACAAGGAGT 4C80 

GTGACCACTG AAGCACCACA GGGAAGGGGT TAGGCCTCCG G ATG ACT GC G GGCAGGCCTG 4 14 0 

GATAATATCC AGCCTCCCAC AAGAAGCTGG TCGAGCAGAG TGTTCCCTGA CTCCTCCAAG 4 20 0 

G AAAGG GAGA CGCCCTTTCA TGGTC TGCTG AGTAACAGGT GC NTT CC C AG ACACTGGCGT 4 2 60 

TACTGCTTGA CCAAAGAGCC CTCAAGCGGC CCTTATGCCA GCG7GACAGA GGGCTCACCT 4 320 

CTTGCCTTCT AGGTCACTTC TCACACAATG TCCCTTCAGC ACCTGACCCT GTGCCCGCCA 4 38 0 

GTTATTCCTT GGTAATATGA GTAATACATC AAAGAG 44 L6 



(2) niFORXATIOK FCR SEQ I^NO:2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 216 base pairs 

(B) TYPE : nucleic acid 

(C) STRANOEDNESS: single > 
fD> TOPOLOGY: linear 

<ii) KOLZCULE TYPE: c^UA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 2 : 
CAAGAAAGCC- GCTTCAGCTG T AAAGG AC CT GGCCAGAATG TGGCTGTGAC CAGGGCACAC 6 0 

CGTGACTCCC AAGGGAGGCG GCGGCGGCCT GAGCGGGGGG CCCGAGGAGG CCACGTGTTT 120 
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7ACAACAGCG AGTATGGGGA C-CTG7CGGAG CCAAGCGAGG AGGACCACTG CTCCCCC-TCT 180 



(2) EZ1 FORK AT ION FCR SEC I- NO: 3: 

li) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 27 3 baes pairs 
(fl) TY?I : nucleic acid 

(C) STRAHDEDNES3 : single • ' 

( 0 ) TOPCLOGY : 1 in a ar 

(ii) KOLICCLE TYPE: c-HA 

.(xi) SE3UEKCS DESCRIPTION: SEQ ID NO : 3 : 

AAGCTTATCG ATTTCGAACC CGGGGGTACC GAATTCC TCG AGTCTAGAGG AGCATGCCTG 60 

CACCTCGACC GGGCTCGATC CCCTCGCGAG TTGGTTCAGC TCCTGCCTGA GGCTGGACG A 120 

CCTCGCGGAG TTCTACCGGC AGTGCAAATC CGTCGGCATC CAGGAAACCA GCAGCGGCTA 180 

TCCGCGCATC CATGCCCCGG AACTGCAGGA GTGGGGAGGC ACGATGGCCG CTTTGGTCCC 2-10 

GGATCTTTGT GAAGGAACCT TACTTCTGTG GTGTG AC ATA ATT GG AC AAA CTACCTACAG 200 

AGATTTAAAG CTCTAAGGTA AATATAAAAT TTTTAAGTGT ATAAT GTGTT AAACTACTGA 3 60 

TTCTAATTGT TTGTGTATTT TAG AT TCC AA CCTATGGAAC TGATGAATGG GAGCAGTGGT 4 20 

GGAATGCCTT TAATGAGGAA AACCTGTTTT GCTCAGAAGA AATGCCATCT AGTGATGATG 4 80 

AGGCTACTGC TGACTCTCAA CATTCTACTC CTCCAAAAAA GAAGAGAAAG GTAGAAG AC C 540 

C Z AAGGACTT TCCTTCAGAA TTGCTAAGTT TTTTGAGTCA TGCTGTGTTT AGTAATAGAA 600 

CTCTTGCTTG CTTTGCTATT TACACCACAA AGGAAAAAGC TGCAG TGCT A TACAAGAAAA 660 

TTATGGAAAA ATATTCTCTA ACCTTTATAA GTAGGCATAA CAGTT ATAAT CATAACATAC 720 

T 3TTTT TTCT T AC TCC AC AC AGGCATAGAG TGTCTGCTAT TAATAACTAT GCTCAAAAAT 780 

■T GTGT ACCTT TAGCTTTTTA ATTTGTAAAG GGGTTAATAA GCAATATTTG ATGTATAGTG G40 

CCTTGACTAG AGATCATAAT CAGCCATACC ACATTTGTAG AGGTTTTACT TGCTTTAAAA 9 00 

AACCTCCCAC ACCTCCCCCT GAACCTGAAA CATAAAATGA ATGCAATTGT TGTTGTTAAC 960 

TTGTTTATTG • CAGCTT A7AA TGGTTACAAA TAAAGCAATA GCATCACAAA TTTCACAAAT ;C2 0 

AAAGCATTTT TTTCACTGCA TTCTAGTTGT GGTTTGTCCA AACTCATCAA TGTATCTTAT 1C8 0 

CATGTCTGGA TCTGCCGGTC TCCCTATAGT GAGTCGTATT AATTTCGATA AGC CAGGTT A 114 0 

ACCTGCATTA ATGAATCGGC CAACGCGCGG GGAGAGGCGG TTTGCGTATT GGGCGCTCTT 1200 

CCGCTTCCTC GCTCACTGAC TCGCTGCGCT CGGTCGTTCG GCTGCGGCGA GCGGTATCAG 12 60 

CTCACTCAAA GGCGGTAATA CGGTTATCCA CAGAATCAGG GGATAACGCA GGAAAGAACA 1 J20 

TGTGAGCAAA AGGCCAGCAA AAGGCCAGGA ACCGTAAAAA GCACGCGT7G CTGGCGTTTT 1380 
TCCATAGGCT CCGCCCCCCT GACGAGCATC ACAAAAATCG ACGCTCAAGT CAGAGGTGGC • 14 40 

GAAACCCGAC AGG ACT AT AA ACATACCAGG CGTTTCCCCC TGGAAGCTCC CTCGTGCGCT 1500 

CTCCTGTTCC GACCCTCCCG CTTACCGGAT ACCTGTCCGC CTTTCTCCCT TCGGGAAGCG IS 6 0 

TGGCGCTTTC TCAATGCTCA CGCTGTAGGT ATCTCAGTTC GGTGTAGGTC GTTCGCTCCA 1S20 

AGCTGGGCTG TGTGCACGAA CCCCCCGTIC AGCCCGACCG CTGCGCCTTA TCCGGTAACT 1630 

ATCGTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC ACTGGCAGCA GCCACTGGTA 174 0 

ACAGGATTAG CAGAGCGAGG TATGTAGCCC GTGCTACAGA GTTCTTGAAG TGGTGGCCTA ie00 

ACTACGGCTA CACTAGAAGG ACAGTATTTG GTATCTGCGC TCTGCTGAAG CCAGTTACCT i960 



GCCCGCGTGA CTTTCTTCAC AGACAACAGC TACTAA 



216 



6.-130,071 

73 

-continued 

TCGGAAAAAG AGTTGGTAGC TCTTGATCCG GCAAACAAAC CACCGCIC-GT AGCGGTGGTT 15 2 0 

TTTTTGTTTG C AA GC AGC AG ATTACGCGCA GAAAAAAAGG ATCTCAAGAA GATCCT7TGA ".58 0 

T ITT IT -T AC GGGGTCTGAC GCTCAGTGGA ACGAAAACTC ACGT7AAGGG ATTTTGGTC A 2C40 

TGAGATTATC AAAAAGGATC 1TCAC2TAGA TCCTTTTAAA TTAAAAATGA AGTTTTAAAT 2 100' 

CAAICTAAAC- I AT AT AT GAG TAAACTTGGT C7C-ACAGTTA CCAATGCTTA ATCAGTGAGG 2160 

CACCTAXCTC" AGCGATCTGT CTATTTCGTT CATCCATAGT TGCCTGACTC CCCGTCC-TGT 2220 

A3ATAACTAC G AT ACGGG AG GGCTTACC AT CTGGCCCCAG TGCTC-CAATG ATACCGCGAC- 22 30 

ACCCAC3CTC ACCGGCTCCA GATTTATCAG CAATAAACCA GCCAGCCGGA AGGGCCGAGC 2 2 40 

GCAGAAGTGG TCCTGCAACT TTATCCGCCT CCATCCAGTC TATTAATTGT TGCCGGGAAG 2 4 00 

CTAGAGTAAG TAGTTGGCCA.GTT AATAGTT TGCGCAACGT TCTTGCCATT GCTACAGGCA 2 

T-GTGGTGTC ACGCTCGTCG TTTGCTA7C-G CTTCATTCAC CTCCGGTTCC CAACGATCAA 2520 

GGCGAGTTAC ATGATCCCCC ATGTTGTGCA AAAAAGCGGT TAGCTCCTTC GGTCCTCCGA 25 80 

TCGTTGTCAG ( AAGTAAGTTG C-CCGCAGTGT TATCACTCAT GGTTATGGCA GCACTGCATA 2 6 40 

ATTCTC IT AC TGTCATGCCA TCCGTAAGAT GCTTTTCTGT GACTGGTGAG TACTCAACCA 2 70 0 

AGTCATTCTG AGAATAGTGT ATGCGGCCAC CGAGTTGCTC TTGCCCGGCC TCAATACGGG 2 7 60 

ATAATA3CGC GCCACATAGC AGAACTTTAA AAGTGCT CAT CATTGGAAAA CGTTCTTCGG 26 2 0 

GGCGAAAACT CTCAAGGATC TTACCGCTGT TGAGATCCAG TTCGATGTAA CCCACTCGTG 2S80 

CACGCAACTG ATCTTCAGCA. TCTTTTACTT TCACCAGCGT TTCTGGGTGA GCAAAAACAG 2S4 0 

GAAGGCAAAA TGCCGCAAAA AAGGGAATAA GGGCGACACG GAAATGTTGA ATACTCATAC 3CGK) 

TCTTCCTTTT TCAATATTAT TGAAGCATTT ATCAGGGTTA TTGTCTCATG AGCGGATACA 3C60 

TATTTGAATG TATTTAGAAA AATAAACAAA TAGGCGTTCC GCGCACA1TT CCCCGAAAAG 3 120 

TSCCACCTGA CGTCTAAGAA ACCATTA7TA TCATGACATT AACCT AT AAA AATAGGCGTA t 3 180 

TCACGACGCC CTTTCGTCTC C-CGCCTTTCG GTC-ATGACGG TGAAAACCTC TGACACATGC 32 4 0 

AGGTCCCGGA GACGGTCACA GCTTGTCTGT AAGCGGATGC CGGGAGCAGA CAAGCCCGTC 3 2 00 

AGGGCGCGTC AGCGGGTGTT GGCGGGTGTC GGGGCTGGCT TAACTATGCG GCATCAGAGC 32 60 

AGATTGTACT GAGAGTGCAC C AT ATGGACA TATTGTCGTT AGAACGCGGC TACAATTAAT 34 20 

ACATAACCTT ATGTATCATA C AC AT ACG AT TTAGCTGACA CT AT AGAAC T CGACCAGACC 3 4 80 

T TCC AAATTG AGAGAGAGGC TTAATGAGAG ACAGAAACTG TTTGAGTCAA CTCAAGGATG 35 40 

GTTTGAGGGA CTGTTTAACA GATCCCCTTG GTtTACCACC TTGATATCTA CCATTATGCG 3 60 0 

ACCCCTCATT GTACTCCTAA TGATTTTGCT CTTCCGACCC TGCATTCTTA ATCGATTAGT 36 60 

CCAATTTGTT AAAGACAGGA TATCAGTGGT CCAGGCTCTA GT7TTGACTC AACAATATCA 37 20 
CCAGCTGAAG CCTATAGAGT ACGACCCATA GATAAAATAA AAGATTTTAT TTAGTC7CCA 3 7 80 • 

GAAAAAGGGG GGAATCAAAG ACCCCACCTG TAGGTTTGGC AAGCT AGCT T AAGTAACGCC - 3 6 40 
ATTTTCCAAG GCATGCAAAA ATACATAACT GAGAATAGAG AAGTTCAGAT CAAGGTCAGG 3SO0 
AACAGATGGA ACAGCTGAAT ATGGGCCAAA CAGGATATCT GTGGTAAGCA GTTCCTGCCC 39 SO 
CGGCTCAGGG CCAAGAACAG ATGGAACAGC TGAATATGGG CCAAACAGGA TATCTGTGGT 4C20 
AAGCAGTTCC TGCCCCGGCT CAGGGCCAAG AACAGATGGT CCCCAGATGC GGTCCAGCCC 4C80 
TCAGCAGTTT CTAGAGAACC ATC AGATGTT TCCAGGGTGC CCCAAGGACC TGAAATGACC ' 4 140 
CTGTGCCTTA TTTGAACTAA CCAATCACTT CGCTTCTCGC TTCTGTTCGC GCGCTTCTGC 4 200 
TCCCCGAGCT CAATAAAACA GCCCACAACC CCTCACTCGC GGCGCCAGTC CTCCGAXTGA 4 2 60 
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CTGAGT-GCC CGG 



(2) ItlFORKATION FCR SEC 12 NO: 4: 

li) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 40 anino acids 

(B) TYPS: araino acid 

(C) STRAlJDEDXESo: Not Relevant 
(0) TOPOLOGY: linear 

(ii) K0L2CCLE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID MO : 4 : 

Pro Met Thr Pro Thr The Tyc Lys Oly Sec Val Asp Asn Gin Thr Asp 
5 LO 15 

Ser Gly Met Val Leu Ala Ser Glu Glu Phe Glu Gin lie Glu £er Arg 
20 :5 3C 

His Arc Gin Glu Ser Gly Phe Arg 
35 ->0 



(2) INFORMATION FCR SEC I- NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 19 anu.no acids 

(B) TYPE: anvino acid 

(C) STRAWDEDSES3 : Not Relevant 

(D ) TOPOLOGY: linear • 
(ii) MOLECULE TYPE: peptide _ ~ 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 5 : 

Xaa Glu Glu The lie Lys Phe Ala Ala Ala His Tyr Asn Thr Glu lie 
5 10 15 

Leu Lys 

(2) 111 EORKAT ION FCR SEQ 12 NO: 5: 

(i> SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 219 bise peirs 
(3) TYPE: nucleic acid 

(C) STRANOEDSESS : single 

(D) TOPCLOGY: linear 

(ii) * Y.OLECCLE TYPE: C-HA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 6 : 

TCACTATAGG GAGACCCAAG CTTGGTACCG AGCTCGGATC CACTAGTAAC GGCCGCCAGT 60 

GTGGTGGAAT TCGACGAACT CATGACTGTA CTCTACCCAG AATATTGGAA AATGTACAAG " 120 

TGTCAGCTAA GGCAAGGAGG CTGGCAACAT AACAGAGAAC AGGCCAACCT CAACTCAAGG 130 

ACAGAAGAGA CTATAAAATT GGCTGCAGCA CACTACAAC 2L9 

(2) IIIFORKATIOK FCR SEC 10 NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 199 7 base pairs 

(B) TYPE: nusieic acid 

(C) STRANOEDSESS: single 

(D) TOPCLOGY: linear 

(ii) KOLZCULE TYPE: cONA 

(ix) FEATURE: 

(A) NAME/ KEY : 

(B) LOCATION: J 52.. 1 SOS 
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(xi) SEQUENCE DESCRIPTION: SEQ ID MO : 7 : 

CCCGCCCCGC CTCTCCAAAA AGCTACACCG ACGCGGACCG C GGC GGC GTC CTCCCTCGCC ' 60 

CTCGCTTCAC CTCGCGGGCT CCGAATGCGG GGAGCTCGGA TGTCCGGTTT CCTGTGAGGC 120 

T TTT AC CTG A CACCCGCCCC CTTTCCCCGG CACTGGCTGG GAGGGCGCCC TGCAAAGTTG 130 

CGAACCCGCA GCCCCCCACC CGCTCCCCCC- GCCTCCCGCT CC-CCCACC-GC CC-GTCGCCGG 24 0 

GAGGAGCCCC- GGGC-AGAGGG ACCAGGAGGG GCCCGCGGCC TCGCAGGGGC GCCCGCGCCC 20 0 

CCACCCCTGC CCCCGCCAGC C-GACCGGTCC CCCACCCCCG GTCCTTCCAC C ATG ZAC j3 7 

Me. Hi a 
I 



TTG CTG GGC TTC TTC TCT GIG GCG TGT TCT CTC CTC GCC GCT GCG CTG 

Lsu leu Gly Phe Phe Sec Val Ala Cys Sec Leu Leu Ala Ala Ala Lau 

5 1 3 15 

CTC CCG GGT CCT CGC GAG GCG CCC GCC GCC ZCC GCC GCC TTC C-AG TCC 

Leu ?ra Gly Pro Acq Glu Ala Pc= Ala Ala Ala Ala Ala Phe Glu Ser 

2C 25 ^ 30 

GGA CTC GAC CTG TCG GAG GCG GAG CCC GAC GCG GGC GAG GCC ACG GCT 

Gly leu Asp leu Ser As: ALa Gl'J Pro Asp Ala Gly C-lu Ala Thr Ala 

25 43 .45 «0 

TAT GCA AGC AAA GAT .CTG GAG GAG GAG IT A GGC TCT GTG TCC AGT GTA 

Tyr Ala Ser lys Asp. Leu Glu Glu Gin Leu Arg Ser Val Ser Ser Val 

55- 60 65 

GAT GAA CTC ATG ACT GTA CTC TAC CCA GAA TAT TGG AAA ATG TAC AAG 

Asp Glu Leu Met Thr Val Leu Tyr Pro Glu Tyr Trp Lys Me- Tyr Lys 

70 ' 75 60 

TGT CAG CTA AGG AAA GGA GGC TGG CAA CAT AAC AGA GAA CAG GCC AAC 

Cys Glr. Leu Acg Lys Gly Gly Tec Gin His Asn Arg Glu Gin Ala Asn 

3S 90 95 

CTC AAC TCA AGG ACA GAA GAG ACT ATA AAA TTT GCT GCA GCA CAT TAT 

Leu Asr. Ser Ar = Thr Glu Glu Thr lie Lys Phe Ala Ala Ala His Tyr 

IOC ' IDS 110 

AAT ACA CAG ATC TTC AAA AGT ATT GAT AAT GAG TGG AGA AAG ACT CAA 

Aan Thr Glu lie Leu Lya Ser lie Aap Aan Glu Trp .Arg Lys Thr Gin 

115 123 125 130 , 

TGC ATG CCA.CGG GAG GTG TGT ATA GAT GTG GGG AAG GAG TTT GGA GTC 

Cys Met Pro Ar= Glu Val Cys He Asp Val Gly Lys Glu Phe Gly Vsl 

135 ICO 145 

GCG ACA AAC ACG TTC TTT AAA CCT CCA TGT GTG TCC GTC TAC AGA TGT 

Ala Thr Asn Thr Phe Phe Lys Pr: Pro Cys Val Ser val Tyr Arg Cys 

153 155 160... 

GGG GGT TGC TGC AAT AGT GAG GGG CTG CAG TGC ATG AAC AGC AGC ACG 

Gly Giy Cys Cys Aan Sec Glu Gly Leu Gin Cys Met Aan Thr Ser Thr 

1S5 173 175 

AGC TAC CTC AGC AAG ACG TTA TTT GAA ATT ACA GTG CCT CTC TCT CAA 

Ser Tyr Leu Sec Lys The Leu Ph- Glu lie Thx Val Pro Leu Ser Gin 

18C 135 "-90- 

GGC CCC AAA CCA GTA ACA ATC AGT .TTT GCC AAT CAC ACT TCC TGC CGA 

Gly Pro Lys Pro Val.Thr lie Sec Phe Ala Asn His Thr Ser Cys Arg 

:95 203 205- 210 

TGC ATG TCT AAA CTG GAT GTT -TAC AGA CAA GTT CAT TCC ATT ATT AGA 

Cyo Met Sec lya Leu Aac Val Tyr Arg Gin Val Hia Ser lie lie Arg 

215 220 225 

CGT TCC CTG CCA GCA ACA CTA CCA CAG TGT CAG GCA GCG AAC AAG ACC 

Acg Ser Leu Pro Ala The Leu Pre Gin Cys Gin Ala Ala Asn Lya Thr 

233 235 240 

•TGC CCC ACC AAT TAC ATG TGG AAT AAT CAC ATC TGC AGA TGC CTG GCT 

Cyc Pro Thr Asr. Tyr Wet Tep Asn Asn His lie Cys Arg Cys Leu Ala 

245 253 255 
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CAG GAA GAT TTT ATG TTT ICC TCG GAT GCT GGA GAT GAC TCA ACA GAT 1173 
Gin Glu Asp ?hs Met Phs Ser Ser Asp Ala GLy Asp Asp Ser Thr Asp 
26C ' 255 270 

GGA TTC CAT GAC ATC TGI GGA CCA AAC AAG GAG CTG 3 AT GAA GAG ACC '-22 1 

Gly Jhe His Asp lie Cys Gly Pr= Asn Lys Giu Leu Asp Glu Glu Thr 
275 280 235 - 250 

TGT CAG TGT GTC TGC AG A CCC GGG CTT CCG CCT GCC AGC TGT GGA CCC 12 69 

Cys Glr. Cys Val Cya Arg Ala Giy Leu Arg Pro Aid Ser Cys Gly Pro 
295 300 j05 

CAC AAA GAA CTA GAC AGA AAC TCA TGC CAG TGT GTC TGT AAA AAC AAA IJIT 
His lys Glu leu Asp Arg Asn Sec Cys Gin Cys Val Cys Lys Asn Lys 
313 315 320 

CTC TTC CCC AGC CAA TGT GGG GCC AAC CGA GAA TTT GAT GAA AAC ACA 13 65 

Leu ?he Pro Ser Gin Cys Gly Ala Asn Arg Glu PheAsp Glu Asn Thr 
325 333 335 

TC-C CAC TGT GTA TGT AAA AGA ACC TGC CCC AGA AAT CAA CCC CTA AAT 1 4L 3 

Cys Gin Cys Val Cys Lys Arg The Cys Pre Arg Asn Gin Pro Leu Asn 
34C 3 45 350 

CCT GGA AAA TGT GCC TGT GAA TGT ACA GAA ACT CCA" CAG AAA TGC TTG 14 6 1 

Pro Gly Lys Cys Ala Cys Glu Cys Thr Glu Sec Pro Gin Lys Cys Leu 
355 - 363 365 - 370 

TTA AAA GGA AAG AAG TTC CAC CAC CAA ACA TGC AGC TGT TAC AGA CGG 1509 
Leu lys Gly lys Lys Phe His His Gin The Cys Ser Cys Tyr Arg Arg 
375 380 385 

CCA TGT "ACC AAC CGC CAG AAC GCT TGT GAG CCA GGA TTT TCA TAT ACT .15 5 7 

Pro Cya Thr Asn Arg Gin Lys Ala Cys Glu Pro Gly Phe Ser Tyr Ser' 
390 j95 • 4CQ 

GAA GAA GTG TGT CGT TGT GTC CCT TCA TAT TGG AAA AGA CCA CAA ATG 1605 
Glu Glu Val Cys Arg Cys Val Prr Ser Tyr Trp Lys Arg Pro Gin Me~ 
. OS --11 3 4 L5 .: . 

AGC TAAGATTGTA CTGTTTTCCA GTTCATCGAT TTTCTATTAT GGAAAACTGT 165 8 
Ser 

CTTGCCACAG TAGAACTGTC T GTGAAC AGA GAG AC CC TTG TGGGTCCATG CTAACAAACA 17 L8 

C AAAAGTCTG TCTTTCCTGA AC C AT GTG C- A TAACTTTACA GAAATGGACT GGAGCTCATC 17 79 

TGCAAAAGGC CTCTTGTAAA C-ACTGGTTTT CTGCCAATGA CCAAACAGCC AAGATTTTCC "-£33 

T CTT GTG ATT TCTTTAAAAG AATGACTATA TAATTTATTT CCACTAAAAA TATTGTTTCT IS 93 

GCATTCATTT TTATAGCAAC AACAATTGGT AAAACTCACT GTGATCAATA TTTTTATATC . 195 8 

ATGCAAAATA TGTTTAAAAT AAAATGAAAA TTGTATTAT 1.99 7 



{Zt HI FORK AT ION FCR SEC 13 NO: 3: 

(i» SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 4 19 a^inc acids 

(B) TYPE: anino acid 
(0) TOPCL3GY: linear 

(ii) KOL2CCLE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ I D NO : 8 : 

Met His Leu leu Gly Phe Phe Ser Val Ale Cya Ser Leu Leu Ala Ala 
I S 10 LS 

Ala leu Leu Pro Gly Pr: Acg Glu Ala Pre Ala Ala„Ala Ala Ala Phe 
23 25 30 

Glu Ser Gly leu Asp Leu Ser Asc Ala Glu Pro Asp Ala Gly Glu* Ala 
35 i0 ' 45 



Thr Ala Tyr Ala Ser Lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser 
5C 55 50 
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Ser 7ai Asp Glu Leu Met Thr Val Leu Tyr Pro Glu Tyr Trp Lys Ns~ 
65 73 75 " E0 

Tyr lys Cys Glr. Leu Ar^ Lys Gly Gly Trr, Gin His Asn Arg Glu Gin 
35 90 95 

Ala Asr. Leu Acr. Ser Ar.a Thr GIj Glu Thr lie Lys Phe Ala Ala Ala 
LOS 105 110 

His Tyr Asn Thr Glu lis Lsu Lys Ser lis Asp Asn C-lu Trp Arg Lys 
115 ' 123 125 

Thr Glr. Cys Met Pro Arg Glu Val Cys lie Asp Val Gly Lys Glu Phe 
13C 135 ICO 

Gly Val Ala The Asn The Phe Phe Lys Pre Pro Cys Val Ser Val Tyr 
;<is . iso ' 155 :eo 

Arg Cys Gly Gly Cys Cyz Asn Ser Glu Gly Leu Gin Cys Mst Asn Thr 
155 L70 175 

Ser Thr Ser Tyr Leu Ser Lys Thr Leu Phe Glu He Thr Vil pro Leu 
1B3 - 195 150 

Ssr Glr. Cly Pro Lys Pvz Val Thr lie Ser Phe Ala Asn His Thr Ser 
155 '200 205 

Cys Ar: Cys Met Ser Lys Lau Asp Val Tyr Arg Gin Val His Ser He 
2ic\ 215 220 

lie Ar r Arg Ser Leu Prr. Ala Thr Leu Pre Gin Cye Gin Ala Ala Asn 
225 233 235 2*10 

Lys Thr Cys ?ra Thr Aon Tyr Met Trp Asn Asn His lie Cys Arg Cys 

245 250 255 

Leu Al- Gin Glu Asp Phs Met Phe Ser Ser Asp Ala Gly Asp Asp Ser 
263 265 * 270 

Thr Asp Gly Phe His Asr, He Cys Gly Pre Asn Lys Glu Leu Asp Glu 
275 ' " 283 285 

Glu Thr Cys Glr. Cys val Cye Arg Ala Gly Leu Arg Pro Ala Ser Cys 
" 29C . 295 300 

Gly ?r= His lya Glu Leu Asp Arg Asn Ser Cys Gin. Cys V-l Cya Lys 
3C5 313 215 320 

Asn lys Leu ?he Pro Ser Gin Cys Gly Ala Aan Arg Glu Phe Asp Glu 
3 25 330 3 35 

Asn Thr Cys Glr. Cys Val Cys Lys Arg Thr Cys Pro Arg Asn Gin Pro 
343 J45 350 

Leu Asr. Pro Gly Lys Cys Ala Cys Glu Cys Thr Glu Ser Pro Gin Lys 
355 363 365 

Cys Leu Leu lya Gly Lya Lys Phe Kia His Gin Thr Cys Ser Cys Tyr 
37C 3 75 3 80 

Arg Arg Pro Cys Thr Asn Arg Gin Lys Ala Cys Glu Pro Gly Phe Ser 
365 * 393 395 * dCO 

•Tyr Ser Glu Glu Val Cys Arg Cys Val Pre Ser Tyr Trp Lys Arg Pro 
435 • . *. 410 4L5 

Gin Met Ser' 

(2) HI FORKAT ION FCR SEC I- HO: 9: 

(i> SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 17 anino acids 
{a ) TYP2: anino acid 

(C) STRAHDEDNESS: Not Relevant 

(D) .TOPCLOGY: linear 

(iij KOLSCCLE TYPE: peptide 
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(xi) SEQUENCE DESCRIPTION: SEQ ID ^0:9:' 

Glu Glu Thr lie Lys Phs Ala Ala Ala His Tyr Asn Thr Glu lie Leu 
1 5* 10 15 

Lys 

(2V IHFORKATION FCR SEC 12 NO : 10 : 

(i> SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1835 baa- pairs 
{ B ) TYPZ : nuzleic acid. 

(C ) STRANDEDNESS: single 

(D) TOPCLOGT: linear . 

(LI) KOLECCLZ TYPE: C^HA 

(ix) rEATURE: 

(A) NAHZ/KEY: Z2S 

(B) LOCATION: 158 . . l-i'.Z 

(xi ) SEQUENCE DESCRIPTION: SEQ ID : 10 : 

GCGGCC3CGT CGACGCAAAA GTTGCGAGCC GCCGAGTCCC GGGAGACGCT CGCCCAGGGG 60 

GC-TCCCCGGG AGGAAACCAC GGG AC AGOG A C C AGG AG AGO ACCT3AGCCT CACGCCCCAC- 120 

CCTGCGCCAG CCAACGGACC GGCCTCCCTG CTCCCGGTCC ATCCACC ATG CAC 77 G 17 6 

Me- His Leu 



CTG TGC TIC XT 3 TCT CTG GCG TGI TCC CTG CTC GCC GCT GCG CTG ATC 

Leu Cys Phe Leu Ser Leu Aia Cys Ser Leu- Leu Ala Aia Ala Leu He 

5 • 13 15 

CCC ACT CCG CGC GAG GCG CCC GCC ACC GTC GCC GCC TTC GAG TCG GGA 

Pro Ser Pro Arr Glu Ala Pro Ala Thr Va 1 Ala Ala Phe Glu ser Gly 

2c '25 :o 35 

CTG GGC TTC TCG GAA GCG GAG CCC GAC GGG GGC GAG GTC AAC GCT TTT 

Leu Gly Phe Ser Glu Ala Glu Pr; Asp Gly Gly Glu Val Lys Aia Phe 

40 ' ' 45 50 

GAA GGC AAA GAC CTG GAG GAG CAG TTG CGG TCT GTG TCC AGC GTA GAT 

Glu Gly Lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser Ser Val Aap 

55 60 65 

GAG CTG ATG TCT GTC CTG TAC CCA GAC TAC TGC AAA ATG TAC AAG TGC 

Glu lee Met Ser Val Leu Tyr Pre Asp Tyc Trp Lys .Yet Tyr Lys Cys 

73 75' . E0 

CAG CTG CGG AAA GGC GGC TGC CAG CAC CCC ACC CTC AAT ACC AGG AC A 

Gin leu Arg Lys Gly Gly Trp Gin Gin Pre Thr Leu Asn Thr Arg Thr 
35 93 95 

GGG GAC AGT GTA AAA TTT GCT GCT GCA CAT TAT AAC ACA GAG ATC CTG 

Gly Asp Ser Val Lys Phs Ala Ala Ala His Tyr Asn Thr Glu lie Leu 
ICO 105 1 10 IIS 

AAA AGT ATT GAT AAT GAG TGC AG A AAG ACT CAA TGC ATG CCA CGT GAG 

Lys Ser He Asp Asn Glu Trp Arg Lys The Gin Cys Yet Pro Arg Glu 
120 " 125 130 

GTG TGT ATA GAT GTG GGC AAG GAG TTT GGA GCA GCC ACA AAC ACC TTC 

Val Cys He Asp Val Gly Lye Glu Phe Gly Ala Ala Thr Asn Thr Phe 

U5 140 145 

TTT AAA CCT CCA TGT GTG TCC GTC TAC AGA TGT GGG GGT TGC TGC AAC 

Phe lys Pro Pro Cya Val Ser Val Tyr Arg Cys Gly Gly Cys Cys Asn 
150 155 160 

AGC GAG GGG CTG CAG TGC ATG AAC ACC AGC ACA GGT TAC CTC AGC AAG 

Ser Glu Gly Leu Gin Cys Met Asn Thr Ser Thr Gly Tyr Leu Ser Lys 
165 170 175 



ACG TTG TTT GAA ATT ACA GTG CCT -CTC TCA CAA GCC ■ CCC AAA CCA GTC 
Thr Leu Phe Glu He Thr Val Pr- Leu Ser Gin Gly Pro Lys Pro Vai< 



752 
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ISO 135 130. 1S5 

ACA AT" AGT TTT GCC AAT CAC ACT TCC TGC CGG TGC ATG TCT AAA CTG S0O 
Thr He Ser .-he Ala Asn His The Ser Cys Arg Cys Xet Ser Lys Leu 

230 205 210 i 

GAT CTT TAC AGA CAA GT*I CAT TCA ATT ATT AGA CGT TCT CTG CCA GCA E «l 8 

Asp Val Tyr Arc Gin Val His Ser lie il- Arg Arg Ser Leu Pro Ala 
215 220 < 225 

ACA TTA CCA CAC- TGT CAG GCA GCT AAC AAG ACA TCT CCA ACA AAC TAT 6 96 

Thr leu Pro Gin Cys Gin Ala Ala Asn Lys Thr Cys Pro Thr Asn Tyr 
230 233 ' 240 

GTG TGG AAT AAC TAC ATG TGC CGA TGC CTG GOT CAG CAG GAT TTT ATC 94 4 

val Trp A3n Asr. Tyr Her Cys Arg Cys Leu Ala Gin Gin Asp Phe lie 
245 250 255 

TTT TAT TCA AAT GTT GAA GAT GAC TCA ACC AAT GGA TTC CAT GAT GTC 59 2 

Phe Tyr Ser Asr. Val Glu Asp Asr Ser Thr Asn Cly Phe His Asp val 
260 265 270 • 275 

TC-T GGA CCC AAC AAG GAG CTG GAT GAA GAC ACC TGT CAG TCT GTC TC-C 1C40 
Cys Gly Pro Asr. Lys Glu Leu Asr. Glu Asr Thr Cys C-ln Cys Vol Cys 
2 30 " 285 290 

AAG GGG GGG CTT CGG CCA TCT AGT TGT GGA CCC CAC AAA GAA CTA GAT 1C88 
Lys Gly Gly leu Arg Prr Ser Ser Cys Gly Pro His Lys Glu Leu Asp 
295 200 3C5 

.AGA GAC TCA TGT CAG TGT GTC TGT AAA AAC AAA CTT TTC CCT AAT TCA 1136 
Arg Asp Ser Cys Gin Cys .Val Cys Lye Asn Lys Leu Phe Pro Asn Ser 
310 315 320 

TGT GGA GCC AAC AGG GAA TTT GAT GAG AAT ACA TGT CAC TGT GTA TGT 118 4 

Cys Gly Ala Asn .Arg Glu Phe Asr Glu Asn Thr Cys Gin Cys Val Cys 
325 330 ■ 335 ■ 

AAA AGA ACG TGT CCA AGA AAT CAG CCC CTG AAT CCT GGG AAA TGT GCC 12 32 

Lys Arg Thr Cys Pro Arg Asn Gin Pro Leu Asn Pro Gly Lys Cys Ala 
340 ' * 345 250 355 

TGT GAA TGT ACA GAA AAC ACA CAG AAG TGC TTC CTT AAA GGG AAG AAG 128 0 

Cys Glu Cyc Thr Glu Asn Thr Gin Lys Cys Phe Leu Lys Gly Lys Lys 
350 . 365 370 

TTC CAC CAT CAA ACA TGC AGT TGT TAC AGA AGA CCG TGT GCG AAT CC-A 122 8 

Phe His His Gin Thr Cys Ser Cys Tyr Arg Arg Pro Cys Ala Asn Arg 
375 230 365 

CTG AAG CAT TGT GAT CCA GGA CTG TCC TTT AGT GAA CAA GTA TGC CCC 137 6 

Leu Lys His Cys Asp Prr Gly Leu ser Phe Ser Glu Glu Val Cys Arg 
390 395 400 

TGT GTC CCA TCC TAT TGG AAA ACG CCA CAT CTG AAC T AAG AT CAT A - 142 2 

Cys Val Pro Ser Tyr Trr Lys Arg Pro His Leu Asn' 
405 <; LO 415 

CCAGTTTTCA GTC AGT CAC A GTCATTTACT CTCTTGAAGA CTGTTGGAAC. AGCACTTAGC 148 2 

ACTGTCTATG C AC AGAAAG A CTCTGTGGGA CCACATGGTA ACAGAGGCCC AAGTCTC-TGT 15 4 2 

TTATTGAACC ATG TGG AT TA CTGCGGGAGA GGACTGGCAC TCATGTGCAA AAAAAACCTC 160 2 

TTCAAAGACT GGTTTTCTGC CAGGGACCAG ACAGCTGAGG TTTTTCTCTT. , GTGATTT AAA 1662 

AAAAGAATGA CTATATAATT TATTTCCACT AAAAATATTG TTCCTGCATT CATTTTTATA 1722 

C C AAT AAC AA TTGGTAAAOC TCACTGTGAT C AGT ATT TTT ATAACATGCA AAACTATCTT 17 82 

TAAAATAAAA TGAAAATTGT ATTATAAAAA AAAAAAAAAA AAAAAAAAAA GCTT - 163 6 



(2) III FORK AT ION FCR SEC 1= NO: 11: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 4 L5 , aninc acids 
( 8 ) TYPE: amino arid 
(D> TOPCLDG;: linear 
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(ii> KOLZCL'LE TYPE: protein 

(Xi) SEQUENCE DESCRIPTION: SEQ ID >K3:ll: 

Met His Leu leu Cys Phe Leu Sec Leu Ala Cys Ser Leu Lau Ala Ala 
1 5 10 15 

Ala leu lie ?r; Ser Pr= Acg Glu Ala Pre Ala Thr Val Ala Ala Phe 
23 25 - 20 

Glu Ser Gly leu Gly Phs Ser Glu Ala Glu Pro Aap Gly Gly Glu V-l 
J5 " 43 * 45 

Lys Ala Phe Glc Gly Lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser 
5C ' 55' SO 

Ser val Asp Glc Leu Wet Ser Val Leu Tyr Pro Asp Tyr Trp Lys Met 
65 70 75 90 

Tyr Lys Cys Clr. Leu Arg Lys Gly Gly Trp Gin Gin Pro Thr Leu Asn 
35 90 95 . 

Thr Ar = Thr Gly Asp Sec Val Lys Phe Ala Ala Ala Kia Tyr Aon Thr 

103 105 . " HO 

Glu lie Leu lys Ser tie Asp Asn Glu Trp Arg Lys Thr Gin Cys Ma- 
115 L23 125 

Pro Ar= Glu Val Cys lie Asp val Gly Lys Glu Phe Gly Ala Ala Thr 
IK 135 . KQ 

Asn Thr Phe She Lye Pre Pro Cys Val Ser Val Tyr Arg Cys Gly Gly 
145 153 , 155 160 

Cys Cys Asn Ser Glu Gly Leu Gin Cys Met Asn Thr Ser Thr Gly Tyr 
155 L70 175 

Leu Ser Lys Thr Leu Phe GLu lie Thr Val Pro Leu Ser Gin Gly Pro 
1.83 135 190 

Lys Pro Val Thr He Sec Phe Ala Asn His Thr Ser Cys Arg Cys He- 
195 203 205 

Ser lys Leu Asp Val Tyc Arg Gin Val His Ser He He Arg Arg Ser 
21C 215 220 

Leu ?r= Ala Thr L«u "Pr= Gin Cys Gin Ala Ala Asn Lya Thr Cys Pro 
225 -203 235 240 

Thr Asn Tyr Val Trp Asn Asn Tyc Met Cys Arg Cys Leu Ala Gin Gin 
:-15 250 .255 

Asp Phe He Phe Tyr Sec Asn Val Glu As c Asp Ser Thr Asn Gly Phe 
263 2S5 270 

His Asp Val Cys Gly Prr- Asn Lys Glu Leu Asp Glu Asp Thr Cys Gin 
275 , 293 2Q5 

Cys Val Cys lys Gly Gly Leu Arg Pro Ser Ser Cys Gly Pro Kis Lys 

. 29C 235 300- 

Glu leu Asp Ar= Asp Sec Cys Gin Cys Val Cys Lys Asn Lys Leu Phe 
3C5 313 . 2 15 320 

Pro Asr. Ser Cys Gly Ala Asn Arg Glu Phe. Asp Glu Asn Thr Cys Gin 
325 330 335 

Cya Val Cys lya Acg Thr Cye Pre Arg Aan Gin Pro Leu Asn Pro Gly 
343 21$ ■ 350 

Lys Cya Ala Cya Glu Cys Thr Glu Aan Thr Gin Lya Cya Phe Leu Lya 
355 363 . 365 

Gly Lys Lys Phe His His Gin The Cys Sec Cys Tyr Arg Arg Pro Cys 
37C 375 , 380 

Ala Asr. Acg leu Lys His Cys As= Pro Gly Leu Ser Phe Ser Glu Glu 
355 390 395 4C0 
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V-l Cys Acq Cys '.'a 1 ?tz Ser Tyr Trp Lys Arg Pro Kis.LeutAsn 
05 4 10 "4 15. 



il\ IHFORKATION FCR SEC IS NO: 12 : - 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH : 174 I bass pairs 
{ B ) TYPI : nucleic acid 

(C) STRAHOEDNESS: aingle 

(D) TOPOLOGY : linear 

<ii) KOLSCULE TYPE : C-HA 

(i.X) FEATUP.E: 

(A) NAMI/KZY : CIS 

( B ) LOCATION: 4 5 3., 170 6 

(Xil SEQUENCE DESCRIPTION: SEQ ID NO: 12: 

GCCCCC3CCG AGCGCTCCGC GCGCAGCCGC CGC-GCCGGGC CGCCCCGCGO AGGCCGCGCT ; 6 0 

GCGAGCGGCC ACTGGGTCCT GCTTCCCTCC TTCCTCTCCC TCCTICTCCT CCTCCTTCTC 12 0 

7ITGCGCTTT CCACCGCTCC CGAGCGAGCG CACGCTCGGA TGTCCGGTTT CCTGGTGGGT 1 9 0 

TTTTTACCTG GCAAAGTCCG GATAACTTCG GTGAGAATTT GCAAAGAGGC T GGG AGC TC C 2 40 

CCTGCAGGCG TCTGGGAGCT GCTGCCGCCG TCGCATCTTC TCCATCCCGC GG ATT T TACT ' 200 

GCCTTGGATA TTGCGAGGGG AGGGAGGGGG GTG AG GAC AG CAAAAAGAAA GGGGTGGGGG 36 0 

GGGGGAGAGA AAAGGAAAAG. AAGGAGCCTC GCAATTGTGC CCGCATTCCT CCGCTGCCCC 4 20 

GCGGCCCCCC TCCGCTCTGC CATCTCCGCA CA ATG CAC TTG CTG GAG ATG CTC 47 3 

Me- Kis Leu Leu Glu Xet Leu 
l -5 

TCC CTG GC-C TGC TGC CTC GCT GCT GGC GCC GTG CTC CTG GGA CCC CGG 52 1 

Ser leu Gly Cys Cys Leu Ala Ala Gly Ala Val Leu Leu Gly Pro Arg 

13* 15 50 

CAG CCG CCC GTC GCC GCC GCC TAC GAG TCC GGG CAC GGC TAC TAC GAG 56 9 

Gin ?ra Pro Val Ala Ala Ala Tyc Glu Ser Gly His Gly Tyr Tyr Glu 
25 33 35 

GAG GAG CCC GGT GCC GGG GAA CCC AAG GCT CAT GCA AGC AAA GAC CTG 617 
Glu Glu Pro Gly Ala Gly Glu Pr= Lys Ala Kia Ala Ser Lys Asp Leu . 
4C 45 50 55 

GAA GAG CAG TTG CGA TCT GTG TCC AGT GTG GAT GAA CTC ATG AC A GTA 6 65 

Glu Glu Gin leu Arg Ser Val- Ser Ser Val Asp Glu Leu Mez Thr val 
60 - t 65 -70 

CTT TAC CCA GAA TAC TGC AAA ATG TTC AAA TGT CAG TTG AGG AAA - GGA 7 13 

Leu Tyr Pro Glu Tyr Tr= Lys Met Phe Lys Cys Gin Leu Arg Lys Gly 
75 ' £0 85 

GGT TGG CAA CAC AAC AGG GAA CAC TCC AGC TCT GAT ACA AGA TCA GAT 761 
Gly Trp Gin His Aan Arg Glu Hia- Ser Ser Ser Asp Thr Arg 5er Aap 
90 - 95 100 

GAT TCA TTG AAA TTT GCC GCA GCA CAT TAT AAT GCA GAG-ATC CTG AAA 809 
Asp Ser. Leu Lys Phe Ala Ala Ala His Tyr Asn Ala Glu Zle Leu Lys 
105 ' 1 10 - :is 

AGT ATT GAT ACT CAA TGG AGA AAA ACC CAG GGC ATG CCA CGT GAA GTG 65 7 

Ser tie Asp Thr- Clu Trr Arg Lya Thr Gin Giy Mei Pro Arg Glu Vai 
120 125 130 1j5 

TGT GTG GAT TTG GGG AAA GAG TTT GGA GCA ACT ACA AAC ACC TTC TTT SOS 
Cys Val Asp Leu Giy Lys Glu Phe Gly Ala Thr Thr Asn Thr Phe Phe 
140 • 145 . 150 

AAA CCZ CCG TGT GTA TCC ATC TAC AGA TGT GGA GGT TGC TGC AAT AGT '9 5 3 

Lys Pro Pro Cys Vai See He Tyr Arg Cys Gly Gly Cys Cys Asn Ser 
15 5 160 165 
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GAA GGA CTC CAC- TGT ATG AAT ATC AGC AC A AAT TAC ATC ACC AAG AC A CO 1 

Glu Gly Leu Glr. Cys Met Aan Els Ser The Asn Tyr He Ser Lys Thr 

170 17 3 iao 

TTG TTT GAG ATT ACA GTG CCT CTC TCT CAT GGC CCC AAA CCT GTA AC A 1C 4? 

Leu ^he Glu lis Thr Val Pro Leu Ser. Hi3 Cly Pro Lys Pro Val Thr 
L85 130 195 

GTC ACT TTT GCC AAT CAC ACG TCC TGC CGA TGC ATG TCT AAG TTG GAT 1C9 7 

Val Ser Phe A_i A3n Hia Thr Sec Cys Arg Cy3 He- Ser Lys Leu Asp 
2C0 203 210 215 

GTT TAC AC-A CAA GTT CAT TCT ATC ATA AGA CGT TCC TTG CCA- GCA ACA 11 4 5 

Val Tyr Acg Glr. Val His Ser tie He Arg Arg Ser Leu Pro Aid Thr 
220 225 230 

CAA ACT CAG TGT CAT GTG GCA AAC AAG ACC TGT CCA AAA AAT CAT GTC 119 3 

Gin Thr Gin Cys His Val Ala Asn Lys Thr Cys Pro Lys Asn His Val 

235 240 245 

TC-G AAT AAT CAC- ATT TGC AGA TGC XT A GCA CAG CAC GAT TTT C-GT TTC 12 4 1 

Trp Asr. A3n Glr. He Cys Arg Cys Leu Ala Gin His Asp Phe Giy Phe 

250 255 2 60 

TCT TCT CAC CTT GGA GAT TCT GAC ACA TCT GAA GGA TTC CAT ATT TCT ".239 

Ser 5er His leu Gly Asr. Ser Asp Thr Ser Glu Gly Phe His He Cys 
265 " 270 275 

GGG CCC AAC AAA GAG CTG GAT GAA GAA ACC TGT CAA TGC GTC TGC AAA ' 123 7 

Gly Pro Asn lys Glu Leu Asp Glu Glu Thr Cys Gin Cys Val Cys Lys 
260 * 285 290 2S5 

GGA GGT GTG CGG CCC ATA AGC TGT GGC CCT CAC AAA GAA CTA GAC AGG 128 5 

Gly Gly Val Arg Pro lis Ser Cys Gly Pre Kis Lya Glu Leu Asp Acg 
'j:0 JOS " 210 . 

GCA TCA TGT CAG TGC ATG TGC AAA AAC AAA CTG CTC CCC ACT TCC TGT . 14 3 3 

Ala Ser Cys Glr. Cys Met Cys Lys Asn Lys Leu Leu Pro Ser Ser Cys 

315 320 325 

GGG CCT AAC AAA GAA TTT GAT GAA GAA AAG TGC CAG TGT GTA TGT AAA 148 1 

Gly Pro Asn lys Glu Pha Asp Glu Glu Lys Cys Gin Cys Val Cys Lys 

330 " 335 340 

AAG ACC TGT CCC AAA CAT CAT CCA CTA AAT CCT GCA AAA TGC ATC TGC 15 2 9 

Lys The Cya Pro Lya His His Pre Leu Asn Pro Ala Lys Cya He Cys 
345 350 355 

GAA TGT ACA GAA TCT CCC AAT AAA TGT TTC TTA AAA GGA AAA AGA TTT 15 7 7 

Glu Cys Thr Glu Ser Pre Asn Lys Cys Phe Leu Lys Gly Lys Arg Phe 
360 365 270 ■ 375 

CAT CAC CAG ACA TGC AGT TGT TAC AGA CCA CCA TGT .ACA GTC CGA ACG 16 2 5 

His His Gin Thr Cys Ser Cys Tyc Arg Pre Pro Cys Thr Val Arg Thr 
390 t 385 390 

AAA CGC TGT GAT GCT GGA TTT CTG TTA GCT GAA GAA GTG TCC CGC TGT 167 3 

Lya Arg Cya Asp Ala Gly Phe Leu Leu Ala Glu Glu Val Cys Arg Cya 

395 400 4C5 

GTA CGC ACA TCT TGG AAA AGA CCA CTT ATG AAT TAAGCGAAGA AAGC ACT AC T 172 6 

Val Arg Thr Sec Trp Lys Arg Pre Leu Met Asn 
410 415 

C GCT AT AT AG TGTCG - 1741 



(2) IH FORK AT ION FCR SEQ 12 NO: 13: 

(i» SEQUENCE CHARACTERISTICS: . 

(A) LENGTH: 4 18 amine acids 

(B) TYPE: anino acid 
(0) TOPCLOGY: linear 

(ii> KOL2CLXE TYPE: protein 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 
net His Leu leu Glu Met Leu Ser Leu Gly Cys Cys Leu Aia Ala Gly 
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1 



5 



10 



15 



Ala Val Leu leu GLy Pr~ Arg Gin Pro Pre Vai Ala Ala Ala Tyr Glu 
23 25 .-0 

Ssr Gly His Gly Tyr Tyr 3lu Glu 3lu Pre Gly Ala Hy Glu ?:o Lys 
35 O 45 

Ala His Ala Ser Lys As = Leu Glu Glu Gin Leu Arg Ser V-i £er Ssr 
5C 55 60 

V-l Asp Glu leu Met The Val Leu Tyr Pre Glu Tyr Trp Lys Xet Phe 
G5 73 75 £0 

Lys Cys Gin leu Acg Lys Gly Gly Trp Gin His Asn Arg Glu :-:Ls Ser 
35 90 95 

Ser Ser- Asp Thr Arg Ser Asp As = Ser Leu Lys Phe Ala Ala Ala His 
LOO " 105 . no 

Tyr Asr. Ala Glu lie Leu Lys Ser lie Asp Thr Glu Trp Arg Lys Thr 
115 120 125. 

Gin Gly Net ?r=> Arg Glu Val Cys Val As? Leu Gly Lys Gl'u Phe Gly 
L3C .135 ' K.0 

Ala Thr Thr Asr. Thr Phs Phe Ly3 Pre Pre Cys Val Ser He Tyr Arg 
145 150 ' 155 160 

Cys Gly Gly Cys Cys Asn Ser Glu Gly Leu GLn Cys Met Asn lie Ser 
155 170 175 

Thr Asr. Tyr lie Ser Ly3 Thr Leu Phe Glu lie Thr Val Pro Leu Ser 
193 135 190 

His Gly Pro lys Pro Val Thr Val Ser Phe Ala Asn Kis Thr ;er Cys 
135 203 205 

Arg. Cys Met Ser Lys Leu A3p Val Tyr Arg Gin Val Kis Ser lie He 
21C ' 215 220 

Arg Arc Ser leu Pro Al3 Thr Gin Thr Gin Cys His Val Ala Asn Lys 
255 * 230 235 240 

Thr Cys Pro lys Asn His Val Trr Asn Asn Gin' He Cys Arg* Cye Leu 
245 - "250 255 

Ala Glr. Hia Asp Phe Gly Phe Ser Ser His Leu Gly Asp Ser Asp Thr 
260 165' 270 

Ser Glu Gly ?he His Tie Cys Gly Pro Asn Lys Glu Leu Asp Glu Glu 
275 283 285 

Thr Cys Gin Cys Val Cys Lys Gly Gly Val Arg Pro He Ser Cys Gly 
29C- 295 300 - 

Pro His Lys Glu Leu As? Arg Ala Ser Cys Gin Cys Met Cys Lys Asn 
3C5 313 315 -320 

Lys Leu Leu Pro Ser Ser Cys Gly Pro Asn Lys Glu Phe-Asp Glu Glu 
325 ' - 330 335 

Lys Cys Gin Cys Val Cys Lys Lys Thr Cys Pro Lys Kis His Pro Leu 
340 345 3*0 

Asn Pro Ala lys Cys lis Cys Glu Cys Thr Glu Ser Pro Asn Lys Cys 
355 360 -365 

Phe leu Lys Gly -Lys Arg Phe Hia Kis Gin Thr Cys Ser Cya Tyr Arg 
37C 375 380 

Pro Pro Cya Thr Val Arg Thr Lys Arg Cys Aop 'Ala Gly Phe Leu Leu 
365 390 395 4CQ 

Ala Glu Glu Val Cys Arg Cy3 Val Arg Thr Ser Trp Lys Arg Pro Leu 



410 



,415 



Mot Asr. 
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iZ) RIFORKATION FCR SEC X- NO: 14: 

I i J SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 anino acids 

(B) TYPE: anino a=id 

{Z ) STRAHDEDSES5 : Not P.elsva.it 
{ D ) TOPOLOGY: linear 

(ii) KOLZCULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID MO: 14: 

Ala Val Val Met Thr Gin The Pr: Ala See 



(2) nJFORKATIOK FCR SEQ 1= NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 2 base ;airs 

(B) TYPE: nusleic acid 

(C) STRAHDEDNES3: single 
(0 ) TOPCLOGY:. linear 

(ii) KOLZCULE TYPE: c2HA 

(xi) SEQUENCE DESCRIPTION: SEQ ID MO: 15: 
TCTCTTCTGT 3CTTGAGTTG AG 



12) EI1FORKATION FCR SEQ I- NO: 16: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base rairs 

(B) TYPE: nu=Leic acid 

(C) STRAND EDN" ESS : single 

(D) TOPOLOGY : linear 

(ii) KOLICCLE TYPE: cillA 

(xi) SEQUENCE DESCKIPTION: SEQ ID NO: 16: 
TCTCTTCTGT CCCTGAGTTG AG 



(2) IHFORKATION FCR SEC I- NO: 17 : 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 55 base pairs 
(3) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: cZEJA 

(xi) SEQUENCE DESCHIPTION: SEQ ID NO: 17: 
TGTGCT3CAG C AAATTTT AT AGTCTCTTCT GTC-GCGGCGG CGGCC-GCGGG CGCCTCGCGA 



(2) ITIFORKAT ION FCR SEC 1= NO: 18: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 30 base, pairs 

( B ) TYPE: nurleic acid 

(C) STRANDEDNESS: single 
( D > TOPCLOGY : linear 

(ii) KOLSCULE TYPE: C-NA 

(Xi) SEQUENCE DESCHIPTION: SEQ ID NO:18: 
CTGGCAGGGA ACTGCTAAXA ATGGAATGAA . 



5 



10 
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(7\ niFORKATIOK FCR SEC 1= NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH : 3 4 base rairs 
{ B ) TYPZ : .m:Leic acid 
(C) sTRABDEDN'ESS: single 
(0) TOPCLOGY: linear 

<iij KOLZCULE TYPE: cZNA 

(xi) SEQUENCE DESC.aIPTZQH: SEQ ID NO: 19: 
GGGCTCCGCG TCCC-AGAGGT CGAGTCCGGA CTCGTGATGG 7GATGG7GAI GGGCGGCGGC 60 
GGCGGCSGGC 3CCTCGCGAG GACC " 8C 

(2) niFORKATIOK FCR SEC. IE NO: 20: 

(i) SEQUENCE CHARACTERISTICS: 
(A J LENGTH: 31 base cairs 
(S) TYPE: nucleic acid 
(C) STRAIJDEDXESS: single 
(0) TOPCLOGY: linear 

(ii) KOLZCL'LE TYPE: cZWA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 20: 
GTATTATAAT GTCCTCCACC AAATTTTATA G ^ 1 



(2) niFORKATION FCa SEC I- NO:21: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LEHGTK: 93 boae cairs 

(B) TYPE: nucleic acid 

(C) STRANDEDXES3: single* . 

(D) TOPCLOGY: linear 

(ii) KOLSCX'LE TYPE: cZNA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:2I: 
GTTCGCTGCC TGAZACTGTG GTAGTGTTC-C TGC-CGGCCGC TAGTGATGGT CATCCT3ATG 60 
AATAATSGAA TGAACTTGTC TGTAAACATC CAG " 

(2) niFORKATIOK FCR SEC ID NO: 22: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base cairs 

( B ) TYPE: nucleic acid 
-.(C) STRANDEDNES3 : single 

(0) TOPCLOGY: linear 

(ii) KOLZCCLE TYPE: cIHA f 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:22: 
CATGTACGAA CCGCCAGG 18 

(2i niFORKATIOK FCR SEC IE NO: 23 : 

\i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 20 base =air3 
( 9 ) TYPZ: nucleic acid 

(C) STRAKDEDNES3 : single 
(0) TOPCLOGY: linear 

(ii) KOLZCL'LE TYPE: cZHA _^ 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:23: 

AATGACCAGA GAGAGGCGAG 20 
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(It IHFORXATIOK FCR SEC II NO: 24: 

fi) -SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 case cairs 

(B) TYPE: nucleic acid 

(C) STRAHDEDNESS : single 
(D> TOPCLOGY: -linear 

(ii) K.OLZCCLE TYPE: DNA (genomic) 

(xi) cEQUENCS DESCRIPTION : SEQ ID NO:24: 

GCCACGGTAC- GTCTGCGT 

(2) INFORMATION FCR SEC IS NO: 25: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 18 "case pairs 
{B) TYPE: nurleic acid 

(C) STRANDEDSESS: single 

(D) TOPCLOGY; linear 

(ii) K.OLZCCLE TYPE: DMA (gsnomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:25: 
■ T TTCTT TGAC AGCCTTAT 

(2) INFORMATION FCR SEC I- NO: 26: 

fi) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 case caira 

( B ) TYPE: nucleic acid 

(C) STRAHDEDXES3 : single 
(0) TOPCLQGY: linear 

(ii) K.OLZCCLE TYPE: DNA (g-nomi=) 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:26: 

ATCTTGAAAA GTAAGTATGG G 

(2) Zli FORKAT ION FCR SEC I- NO:27: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 case pairs 

( B ) TYPE: nucleic acid 

(C) STRANOEDNESS: single 

(D) TOPOLOGY: linear 

(ii) K.OLZCCLE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION : SEQ ID MO:27: 
ATGACTTGAC AGGTATTGAT 

(2) III FORKAT ION FCR SEC IS NO: 28: 

( i ) SEQUENCE CHARACTER 1ST ICS : 
(A) LENGTH: 20 base pairs 
{ B ) TYPE: nucleic acid 

(C) STRANOEDNESS: single 

(D) TOPCLOGY: linear 

(ii) K.OLZCCLE TYPE: DMA (genomic) 
(xi), SEQUENCE DESCRIPTION: SEQ ID NO:2B: 
AGCAAGACGG TGGGTATTGT 

(2) INFORMATION FCR SEC 'IT NO: 29: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH : 22 case cairs 
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;a> TYPE: nurleic acid 

(C) STRAUDEDNES3: - single 

(D) TOPCLOGY: linear 

(Li) KOLECL'LE TYPE: DNA '.gsnoml- ) 
(xi) SEQUENCE DESCRIPTION: SEQ ID MO: 59: 
C-CTTCTTTG TACTTATTTG AA 

C) tliPORKATION FCR SEC I- NO: 30: 

(il- SEQUENCE CHARACTERISTICS: 
(A) LENGTH : 2 0 base pairs 
f B ) TYPZ : nurleic acid 
(C) STRANDEDXES5: single 
(0) TOPCLOGY: linear 

(ii) y.OLSCLXE TYPE: DNA { genomir ) - 

(xi) SEQUENCE DESCRIPTION: SEQ .ID MO: 30: 

CCACAGTGAG TATC-AATTAA 

(2) niFORKATION FCR SEQ 13 NO: 31: ' 

t i ) . SEQUENCE CHARACTERISTICS; 

(A) LENGTH: 13 case pairs - 

( B ) TYPE: nu=leic'acid 

(C) STRANDEDNESS: single 
(D> TOPCLOGY: linear 

<ii) KOL2CL"LE TYPE: DMA (g:nomi: ) 

'(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 3 1 : 

TTCTTCCAAA GGTGTCAG 

(2) INFORMATION FCR SEQ 1 2 NO: 32: 

(i) SEQUENCE CHARACTERISTICS: 
,(A) LENGTH: 18 case pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY; linear 

(ii) KOLSCL'LE TYPE: DNA (genomic! 
(xi)' SEQUENCE DESCRIPTION: SEQ ID MO:J2: 
GGACATOGTA GCAGAA1G 

(2) INFORMATION FCR SEC I- NO: 33: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 3 base pairs 

(B) TYPE: nurleic acid 

(C ) STRANDEDNESS : single 
{ D ) TOPCLOGY: linear 

(ii) KOLZCCLE TYPE: DMA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:33: 

CTATTTGTCT AGACTC AACA GAT 

(2) INFORKAT IOK FCR SEC I- NO: 34: 

(i> SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D ) TOPCLOGY: linear 
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(ii) KOLZCULE TYPE: DMA (genomic) 
fxil SEQUENCE DESCRIPTION : SEQ ID MO:3C: 
CAAACATGCA GGTAAGAGAT CC 

12} INFORMATION FCR SEC 13 NO: 35: 

(i) SEQUEfXE CHARACTERISTICS: 
{ A ) LENGTH : 2L case pairs 
{ B ) . TYPE: nu: leic ac id 

(C) STRANDEDNES3: single 

(D) TOPCLOGY: linear 

(ii) KOLZCULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 35: 
T3TTCTCCTA GCTGTTACAG A 

(2l HIFORKATION FCR SEC I- NO: 36: 

<i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 24 base pairs 

(B) TYPE: nucleic acid 
{Z) STRANDEDSESS: single 
(D) TOPCLOGY: linear 

(ii) K.OLZCCLE TYPE: ONA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID MO:36: 

GGCSAGGTCA AGGTAGGTGC AAGG 

(2) niFORXATIOK FCR SEC 13 NO:3 7 : 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 2 6 -base pairs 
{ B ) TYPE: nucleic acid 

(C) STRANDEDNES3 : single 
_fO) TOPCLOGY: linear 

(ii) KOLZCULE TYPE: DNA (gsnomic) 

(xi) SEQUENCE DESCRIPTION : SEQ ID NO: 37: 

ATTGTCTTTG ACAGGCTTTT TGAAGC 

(2) INFORMATION FCR SEQ IC NO: 38: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 2L base pairs 
(8) TYPE: nucleic acid 

(C) STRANDEDNES3: single 

(D) TOPCLOGY: linear 

(ii) KCLZCULZ TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 38: 
GAGATCCTGA AAAGTAAGTA G 

(2) III FO RK AT ION FCR SEC ICNO:39: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 24 base pairs 

(B) TYPE : nucleic acid 

(C) STRANOEDNESS: single' 

( D ) TOPCLOGY : 1 inear 

(ii) KOL3CUL2 TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:39: 
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TC-TGAC 7CGA CAGC-TA.TT3A XAAT 

(2> m FORMAT ION FCR SEQ 1Z NC:40: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 ;ase pairs 
{ S ) TYP£: nucleic acid 
(C) STRA1JDEDSES3: single 
(0) TOPCLOGY: linear 

(ii) K.OLZCCLZ TYPE: DMA (g=nomic ) 

(xi> SEQUENCE DESCRIPTION: SEQ ID NO:40: 

CTCAGCAAGA CGGTAGGTAT 

(2) INFORMATION FCR SEQ 12 NO : 4 1 : 

H) SEQUENCE CHARACTERISTICS : 
(A*) LENGTH : 25 base cairs 

(B) TYPZ: nurleic acid 

(C) STRAND EDN ESS: single 

(D) TOPCLOGV: linear 

(ii) KOL2CCLE TYPE: DNA (genomic) 
(Xi) SEQUENCE DESCRIPTION: SEQ ID MO : 4 1 : 
TTGTCCCTTG TAGTTGTTTG AAA TT 

(2 1 DIFORMAT ION FCR SEQ 12 NO: 42: 

(i) SEQUENCE CHARACTIRISTICS : 

(A) LENGTH: 20 base ;aira 

( B ) TYPE : nu: leic acid 

(C) STRANDEDNES3 : single 
{ D ) TOPOLOGY: linear 

(ii) KOLZCULE TYPE: DNA (genomic ) 

(xi) SEQUENCE* DESCRIPTION: SEQ ID NO: 42: 

ACATTACCAC AGTGAGTATG 

(2) INFORMATION FCR SEC I- NO: 43: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 6 base rairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLQGY: linear 

(ii) MOLECULE TYPE: DNA ( gsnorai: ) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 43: 
GTCTCCCCAA AAGGTGTCAG C-CAGCT 

(2). IN FO RKAT ION FCR SEQ 10 NO: 44: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 3 caee cairs 

(B) TYPE: nucleic acid 

(C) STRAHDEDNES3: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE : DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 44: 
AATGTT3AAG .ATGGTAAGTA AAA 



(2) INFORMATION FCR SEQ I- NO: 45: 
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-continued 



(i) SEQUENCE CHARACTERISTICS': 
(A) LENGTH: IS '.case pairs 
{ a ) TYPE : nucleic acid 
(C ) STRAHDEDXESS : single 
( D ) TOPCLDGY : linear 

<ii) KOCSCtLE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID MO : 4 5 : 

TZTAGACTCA ACCAAT 

12) niFORKATION FCR SEC I- NO: 46: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 case cairs. 
{ B ) TYPE: nucleic acid 

(C) STRANDEDNES3 : single 
(D> TOPCLQGY: linear 

(ii) KOLZCCLE TVPE: DMA (g=nomic ) - 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:46: 

CAAACATGCA GGTAACGAGT GT 

(2) ItlFORKATION FCR SEC 12 NO: 47: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 2 4 base cairs 
■(B) TYPE: nucleic acid 
.(C) STRA1JDEDNES5: single 

(D) TOPCLQGY:. linear 

(ii) KOLZCL'LE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID MO: 47: 
TTTTCCCCTA GTTGTTACAG AAGA 



(2) niFORKATION FCR SEC I- NO: 48: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2991 bass pairs 

(B) TYPE: nucleic acid 

( C ) STRANDEDNESS : sing le 

(D) TOPCLQGY: linear 

(ii) .KOLZCULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:4S: 

GTTTTAAGTA' GAGACGGGGT TTCACCAACG GTTGAAAATA TTTATCATGC TCTCCCTAAG SO 

ATGGACGGTG TTAGCTAGGA TGGTCTCGAT CTCCTGACCT CATGATCCAC CCGCCTCGGC 120 

CTCCCAAAGT GCTGGGATTA CAGGCGTGAG CCACCGT3TC CGACCAACCT TAAGACAAAC 130 

' AACT ACTGCA TGATTGTTTT TGGAGACCTT TTTTTTATTC AAATAAATTT TTGCCAGCAT 2 40 

TTTCTGACTC AAAGTATAGC AGCAGGAAGA TAACACTTTT GTGAGAAAAA AGTTTGAATA 30 0 

C AGCTT ACTG CTGTATTTAA ATGAAACAGT AGTTAATATC ATATTAATAT ATTTTGGATA 3 60 

TATTTTGAGT TTG TTGATTT TCCAGTCTTC ACCCGCTGCT ACGCCTGTGG GTGTTGGAAA 420 

TGCCTGTGTT TCTCAATT7T GTTTGCCTAT TAGAATCCTG ATG7CCAAGC CTTACTCCAG 480 

TTAGACCAGT TAAGCCAGAA AGGCAGAAGG TGTACTCAAG CATCTGTTTT TTCAAAATCT 54 0 
CCTTTTGTGA TGCCAAGTGC AATCAAAGTT TAGAATCATT GTAATAGCAA ATGGTTGAAT . 60 0 

GGAAACTCCA CCTTCTATTC AAATCCTACC CCAGTCTGCC CTTAGCTGTT CTCTTTTCAC 6 60 

AGATCTATCA ATGTCTGAAG ATAACTATGG CAGGCTGATC AAATATGCAT AGAGCAGGAA 72 0 
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G ACAGC AAGA GAGTGATACA CTGACCATC-T TCCAAATCAC AAAA^ATCTC AAC AG GC TAG 7 SO 

ATCATGGACC GAGTCTGATG GGATGGAAT7 TCATAAAGAT AC AT AAA-AAA GCATCTTGCA £40 

TACAGTAAAC TTAACTCCAC AAATACAGGG GAATTTA3AC GTGACTAAGT AC-C AG T A CA 7 50 0 

ATGAAAAATT ATT3AGGAAT TTTGTTGAC7 TTAAGGGTAG TGTGAGTIAA CACTGT3ATT 96 0 

TGGCTCCCAG AAAATAAACT CAATCCAAC-G C7C-TATCAAC AAACC-CATAC TG7CCATTCT 1C2 0 

GCATGCTCAT TACAGCACTA AGTACCGACC CATGTTCTCA ACCGCATACT TCATGAACAT ;C80 

GGAAAGCTAA CAGTATGGTT AAGGGGGGAA ACTGGAACTG TCA7TTTGGG GAATAAAAGG 1140 

GAT ATT TACT CAGGAGTAAA GT7AGCTTAG GGAGACCATG ATAAATATTT TCAAAATATT 120 0 

TGAAGGACTC AGTTGTGGAA C- TG AG ATT AG ATTTATTGTG TAAAACTCC A GGAGT CAAAA 12 60 

GCAATAGACA CATAGAAGGA AAIGCTTTTC AGCAGTGTTG CTCATCAATA AAGGGAGTGA .220 

ACACCCACAC AGAATGGAAG GTTCCCTCTC CTTTGAGATA TTTAAGCCTT CAACTAAATT .220 

ATGGGTGAGG AGTTTCAAAT CTAGAOTTGA ACC AGATAAG AAAGTCTC7T CTTCCGGTAA 144 0 

GATATTATGG ACCTATAACA TCTGTGTACT TAAAAGTAGA TTGGGAGTGA AAGGC AG AC T 150 0 

TTTGATGTTC TGTACACTGT TGAAACCCCT TAC-CGTGGTC CTCTGTAACC TGCTCAGCCT IS 5 0 

GCCCCAAGGA GGC AGC TAGC CAATGCCACC AGCCCAACGG AAAC Z CC AG T GCTTTT2CAA .6 20 

TGGGGAAATG CAGTCAC7TT TCTTTGGATG CTACACATCC 7TTCTGGAAT ATGTCTCACA 1680 

CACATCTCTC TTTATCACCC CCTT7TTCAA GTAAACCAAC TTC7TGCAGA AGCTGACAAT 17 40 

GTGTCTCTTT AC7CTCCACG AAGATTCTGG CCCTTCTCTT CACCTGTCAG AAGTTTAGGA 1 E00 

7TCCAAAGGC- ATCATTAGCA TCCATCCCAA CAGCCTGCAC TGCATCCTGA GAACTGCGGT IE 60 

TCTTGGATCA TCAGGCAACT TTCAACTACA CAGACCAAGG GAGAGAGGGG ACCCCTCCGA 192 0 

GGTGCCATAG 3GTTCTCTGA C AT AG TGATG ACCTTTTTCC AAACTTTGAG CAGGGCGCTG 1580 

GGGGCCAGGC GTGCGGGAGG GAGGACAAGA ACTCGGGAGT GGCCGAGGAT AAAGCGGGGG 2C4 0 

-CTCCCTGCAC CCCACGGTGC CCAGTTTCTC CCCGCTGCAC GTGGTCCAGG GTGGTC3CAT 2100 

CACCTCTAAA GCCGGTCCGG CCAACCGCCA GCCCCGGGAC TGAACTTGCC CCTCCGC-CCG 2160 

CCCGCTCCCC GCAGGGGACA GGGGCGGGGA GGGAGAGATC CACAGGGGGG CTGGGGGAGG ' 2220' 

TGGGGCCGCC GGCGAGGAGG CGAGGGAAAC GGGGAGCTCC AGGGAGACGG CTTCCGAGGG 2 28 0 

AGAGTGAOAC GGGAGGGCAG CCGGGGCTCG GCACGCTCCC 7CCCTCGGCC GCTTTCTCTC 2 2 4 0 

ACATAAGCGC AGGCAGAGGG CGCGTCAGTC A7GCCCTGCC CCTGCGCCCG CCGCCGGCGC . 2 4 00 

CGCCGCCGCT CAGCCCGGCG CGC TCTGGAG GATCCTGCGC CGGGGCGCTC CCGGGCCCCG 2 4 60 

CCGCCGCCAC- CCGCCCCGGG GGCCCTCCTC CCGCCCCCGG CACCGCCC-CC AGCGCCCCCG 2520 

CCGCAGCGCC CGCGGCCCGG CTCCTCTCAC TTCGGGGAAG GGGAGGGAGG AGGGGGACGA 2 58 0 

GGGC TC TGGC GGGTTTGGAG GGGCTGAACA TCGCGGGGTG TTCTGGTGTC CCCCGCCCCG 26 40 

CCTCTCCAAA AAGCTACACC GACGCGGACC GCGGCGGCGT CCTCCCTCGC CCTCGCTTCA 2 700 

CCTCGCGGGC TCCGAATGCG GGG AGCTCGG ATGTCCGGTT TCCTGTG AGG CTTTTACCTG 2 760 

ACACCCGCCG CCTTTCCCCG GCACTGGCTG GGAGGGCGCC CTGCAAAGTT GGGAACGCGG _ 2620 

AGCGCCGGAC CCGCTCCCGC CGCCTCCGGC TCGCCCAGGG GGGGTCGCCG GGAGG AGCC C .2880 

GGGGGAGAGG GACCAGGAGG GGCCCGCGGC CTCGCAGGGG CGCCCGCGCC CCCACCGCTG 29 4 0 

CCCCCGCCAG CGGACCGGTC CCCCACCCCC GGTCCTTCCA CCATGCACTT G 299 1 
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-continued 



fi) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 base pairs 

( B ) TYPE : nu: Leic acid 
{Z) STRANDEDNESS: single 
(O) TOPCLOGY: linear 

(ii) KOLZCULE TYPE: cJMA 

(xi> SEQUENCE DESCRIPTION: SEQ ID MO:-l9: 
CACGGCTTAT GCAAGCAAAG 20 



(2) IHPORKATION FCR SEQ 1= MO:50: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: "20 base pairs 
{ S ) TYPE: nucleic acid 
(C) STRANDEDNES3: single 
(O) TOPCLOGY: linear 

(ii) KOLZCL'LE TYPE : cDNA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:50: 
AACACAGTTT TCCATAATAG - 20 



(2) INFORKATIOK FCR SEC. 1= NO: 51: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 19 anino acids 

( B ) TYPE: amino acid 

(C) STRANDEDNES3: Not Relevant 

(D) TOPCLOGY :. linear 

' (ii) KOLZCL'LE TYPE : peptide 

(3Ci) SEQUENCE DESCRIPTION: SEQ ID NO:51: 

Leu Ser Lys Thr Val Sec Oly Sec Glu Gin Asp Leu Pro His Glu Leu 
15 L0 IS 

His Val Glu 



(2) IlIFORKAT ION FCR SEC IZ NO: 52': 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 25 base pairs 

(B) TYPE: nucleic acid 

(C) STRAHDEDXES3: single 
{ D J TOPCLOGY: linear 

(ii) KOLZCL'LE TYPE: cOHA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 52: 
GACGGACACA GATGGAGGTT TAAAG 2 5 



(2) IN FG RK AT IO N FCR SEC I- NO: 53: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: .196 a.nin= acids 
(Bj TYPE: anino acid 

(C) STRANOEDNESS : Not Relevant 

(D) TOPCLOGY: linear 

(ii) KOLZCULE TYPE: pcotein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:5J: 

Met Arg Thr Leu Ala Cys Leu Leu Leu Leu Sly Cys Gly Tyr Leu Ala 
1 5 -10 IS 



His Val Leu Ala Glu Glu Ala Glu lie Pre Arg Glu Val lie Giu Arg 
20 S5 3C 
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Leu Ali Arg Ser Gin lis His Sec ILe Arg Asp Leu G In Acq Leu Lsu 
J5 ' 40 " 45 

Glu lis Asp Ser Val Gly Ser Glu Asp Sec Leu Asp Thr Ssr Leu Arg 
50 -55 SO 

Ala His Civ Val His Ala Thr Lyz His Val Pro Glu Lys Arg Pro Lsu 
65 ' 70 IS ac 

Pro II; Ac a Ar r Lys Arg Ser lis Zlu Glu Ala Vai Pro Ala Val Cya 

85 . 90 55 

Lys Thr Acg Thr Val lis Tyr Glu He Pre Arq Ser j In V* L Asp Pec 
100 • 105 110 

Thr Ser Ala Asr. Phe Leu lie Tre Pro Pre Cys Val Z lu v»l Lys> Arg 
US 123 125 

Cys Thr Gly Cys Cys Aen Thr Ser Ser Vol Lys Cys C-ln Pro =er Arq 

UC 135 140 

Vil His His Ar = Ser Val Lys Val Ala Lys Val Glu Tyr V=l Arq Lys 
145- ' L53 155 1G0 

Lys Pro Lys Leu Lys Glu Val Gin Val Arg Leu Glu Glu His Leu Glu 
155 170 • 175 

Cys Ala Cys Ala Thr Thr Ser Leu Asn Pre Asp Tyr Arg Glu Glu Asp 



Thr Asp val Arg 
195- 



(2) EH FORMAT ION FCR SEC I- NO: 54: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 241 amine acids 

(B) TYPE: anino acid 

(C) STRAHDEDN'ESS : Noc Relevant 
{ 0 ) TOPCLOGY : 1 inear 

(ii* KOLXCCLE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID ^:54: 

Met Aar. Arq Cya Tcp Ala Leu Phe Leu Sec Leu Cys Cys Tyr Leu Arg 

1 ' 5 ,10 15 

Leu Val Ser Als Glu Gly Asp Pre lie Pre Glu Glu Leu Tyr Glu Ms- 
20 25 K. 

Leu Ser Asp His Ser Ila Acg Ser Phe Asc Asp Leu Gin Arg Leu Leu 
J5 40 . " 45 

His Gly Asp Pro GLy Glu Clu Asc Gly Ala Glu Leu Asp Leu Asn Me- 
50 55 6G 

Thr Ar~ Ser His Ser Gly GLy Glu Leu Glu Ser Leu Ala Arg Gly Acg 
6S * 70 75 9C 

Acg Ser Leu Gly Ser Leu Thr lie Ala Glu Pro Ala Xet ~le Ala Glu 
85 90 95 ' 

Cys Lys Thr Ar= Thr Glu Val Phe Glu lie Ser Arg Arg Leu lie Asp 



Arg Thr Aan Ala Aan Phe Leu Val Trp Pre Pro Cya Val Glu Val Gin 
US 12D 125 

Arg Cys Ser Gly Cya Cys Asn Aan Arg Aon Val Gin Cys Arg Pro Thr 



Gin .Val GLn Lei: Acg Pre Val Gin Val Arg Lys He Glu'tle Val Arg 

-.45 150 1S5 160 

Lys Lys Pro lie Phe Lys Lys Ala Thr Val Thr Leu Glu A«p His Leu 

155 - 170 175 
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Ala Cys Lys Cys Glu The Val Ala Ala Ala Arg Pro Val Thr Arg Ser 
LSO 135 150 

Pro Gly Gly Sec Gin Glu Gin Arg Ala Lys Thr Pro Z In Thr Arg Vs. I 
135 2QD 205 

Thr lie Arg Thr Val Arg Val Arg Arg Pre Pro Lys 3 Ly Ly& His Arg 

21C 215 220 

Lya ?hs Lys His Thr His Asp Lys Thr Ala Leu Lys C-lu Thr Leu Gly 
225 233 235 240 



(2) niFORKATIOK FCR SE£ j; NO: 55: 

(i) SEQUENCE CKARACTZRIST ICS : 

(A) LENGTH: 14 9 aminr. acids 
{ B ) TYPE : amino ac id 
{Z) STRA1IDEDSES3: Not Relevant 
10) TOPOLOGY: linear 

(ii) KOLiCULE TYPE: ptotein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:55: 

Mat ?r3 Val Hec Acg Leu Phe Pc; Cys Phe Leu Gin Leu Leu Ala Gly 
1 5-10 15 

Leu Ala Leu Pro Ala Val Pro Prs Gin Gin Trp Ala Leu Ser Ala Gly 

• 20 25 - 3C- 

Asn Gly Ser Ser Glu Val Glu Val -Val Pre Phe Gin Glu Val Trp Gly 
35 40. ' 45 

Arg Ser Tyr Cys Arg Ala Leu -Glu Arg Leu Val Asp Val Val Ser Glu 
50 55 60 

Tyr Pro Ser Glu Val Glu His Met Phe Ser Pro Ser Cys Val Ser Leu 
65 70 75 8C 

Leu Arg Cys Thr Gly Cys Cys Gly Aep Glu Asn Leu Kie Cys Val Pro 
35 90 35 

Val Glu Thr Ala Asn Val Thr Met Gin Leu Leu Lys lie Axg Ser Gly 
L03 105 :io 

Asp Arg Pco Sec Tyr Val Glu Leu Thr Phe Ser Gin His V- 1 Arg "Cys 
115 123 125 

Glu Cys Arg Pro Leu Arg Glu Lys Met Ly.s Pro Glu Arg Cys Gly Asp 
- IJC 135 i<0 

Ala Val Pro Arg Acg 

•-4 5 ' • " 



(2) niFORKATIOK FCR SEC I- NO:56: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 191 a.-uin= acids 
( 3 ) TYPE: amino acid 

(C) ' STRANDS D3E5S: Not Relevant 

( D ) TOPCL3GY: linear 

{ii) KOLZCULE TYPE: protein 

<xi) SEQUENCE DESCRIPTION: SEQ ID NO:56: 

Met Asr. Phe leu Leu Sec Trp Val His Trp Ser Leu Ala Leu Leu Leu 
L 5 10 15 

Tyr leu His His Ala Lys Trp Ser Gin Ala Ala Pro Xet Ala Glu Gly 
20 ' 25 30 



Gly Gly Gin Asr. His His Glu Val Val Lys Phe Met Asp Vai Tyr Gin 
35 i0 45 
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Arg Ser Tyr Cys His ?r: lie Glu Thr Leu Val Asp lie Pre Gin Glu 
50 55 60 

Tyr 7ra Asp Glu lie Glu Tyr- tla Phe Lys Pro Ser Cys v-1 Pro Leu 

65 " * 70 75 8C 

fist Arg Cys Gly GLy Cys Cys Asn Asp Glu Gly Lea ;lu Cys Val Pro 
8 5 90 5 5 

Thr Glu Glu Sec Asn lis Thr E4et Gin tie Met Arg lie Lys Pro His 
103 105 110 

Gin Gly Gin His I Le Gly Glu Met Ser Phe Leu Gin His Asn Lys Cys 
115 123 125 

Glu Cys Arg Pro Lys Lys Asp Arg Ala Arg Gin Glu Asn Pro Cys Gly 
UC 135 140 

Pro Cys Ser Glu Arg Arn Lys His Leu Phe Val Gin Aep Pro Gin Thr 

145 153 155 -60 

Cys lys Cys Ser Cys Lys Asn Thr Asp Ser Arg Cys Lys Ala Arg Gin 
-> 155 170 175 

Leu Glu Leu Asr. Glu Arg Thr Cys Arg Cys Asp Lys Pro Arg Arg 
- 183 135 -5 0 



[2) niFORKATIOK FCR SEC 1^ NO: 57: 

lil SEQUENCE CHARACTERISTICS; 

(A) LENGTH: 138 asiin; acids 
(S) TYPI: anino acid 

(C) STRAHDEDNES3: Not Relevant 

(D) TOPCLOGY: linear 

(ii) KOLECL'LE TYPE: protein 
(xi) SEQUENCE DESCRIPTION: SEQ ID MO : 5 7 : 
Met Ser Pco leu Leu Arg Arg Leu Leu Leu Ala Ala Leu Leu Gin Leu 

: s io - is 

Ala 7co Ala Glr Ala Pr= Val Sec Oln Pre Asp Ala Pro Gly His Gin 
20 IS K 

Arg lys Val Val Ser Tr~ lie As= Val Tyr Thr Arg Ala Thr Cys Gin 
35 * 40 45 

Pea Arg Glu Val Val Val Pco Leu Thr Val Glu Leu Xet Gly Thr v»l 
50* - 55 60 

Ala lys Gin leu Val Pr= Ser Cys Val Thr Val Gin Arg Cys Gly Gly 
65 -70 75 8C 

Cys Cys Pco Asp Asp Gly Leu Glu Cys Val Pro Thr Gly Gin His Gin 
85 30 35 

V-1 Ar= Met Glr. He Leu He<e lie Arg Tyr Pro Ser Ser Gin Leu Gly 
103 105 > 110 

Glu Met Ser leu Glu Glu His Ser Gin Cys Glu Cys Arg Pro Lys Lys 
115 120 125 

Lys Asp Ser Ala Val Lys Pro Asr. Sar Pre Arg Pro Leu Cys Pro Arg 

-13C . 135 \<Q 

Cya Thr Gin His His Gin Arg Pre Asp Pre Arg Thr Cys Arg Cya Arg 
145 153 155 160 

Cys Arr Arg Arg Ser Phs Leu Arg Cys Gin Gly Arg Gly Leu Glu Leu 
155 170 , 17S 



Asn ?ro Asp Thr Cys Arg Cys Arg Lys Leu Arg Arg 
193 13S 
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What is claimed is: 

1. A purified and isolated V'EGF-CAC 15;) polypeptide that 
binds to human Fit- receptor tyrosine kinase (VEGFR-3) 
and fails to bind to human KDR receptor tyrosine (VEGFR- 

2) , said polypeptide having an amino acid sequence com- 
prising a portion of ShQ ID NO: S effective to permit 
binding to VEGFR-3, wherein the cysteine residue at posi- 
tion 156 of SEO ID NO: 8 has been deleted or replaced by 
another amiuo acid. 

2. A polypeptide according to claim 1 wherein said 
portion of SEO ID NO: 8 is selected from the group 
consisting of: 

(a) continuous portion having as its amino terminal resi- 
due an amino acid between residues 102 and 114 of 
SEO ID NO: 8 and having as its carboxy terminal 
residue an amiuo acid between residues 212 and 228 of 
SEQ TD NO: S, wherein the cysteine residue at position 
156 of SEO ID NO: 3 has been deleted or replaced by 
another amino acid; 

(b) continuous portions that comprise au amino-terniiual 
truncation of (a); and 

continuous portions that comprise a carboxy -terminal 
truncation of (a) or b). 

3. A polypeptide according to claim 2, wherein said 
polypeptide is capable of stimulating tyrosine phosphoryla- 
tion of VEGFR-3 in a host cell expressing VEGFR-3. 

4. A VEGF-C polypeptide according to claim 1 
comprising amino acids 113 to 213 of SEQ ID NO: 8, 
wherein the cysteine residue at position 156 of SEQ ID NO: 
8 has been deleted or replaced. 

5. A VEGF-C AC l56 polypeptide according to claim 1 
comprising a continuous portion of SEO ID NO: S, said 
purtiun having as its amino terminal residue an amino acid 
between residues 102 and 114 of SEQ ID NO: S, and having 
as its carboxy terminal residue an amino acid between 
residues 21 2 and 228 of SEQ ID NO: 8, wherein the cysteine 
residue at position 156 of SEQ ID NO: 8 has been deleted 
or replaced. 

6. A VEGF-C AC l56 polypeptide according to claim 1 
wherein the cysteine residue at position 156 of SEQ ID NO: 
8 has been replaced by a serine residue. 

7. A composition comprising a polypeptide according to 
claim I in a pharmaeculically-acecptahle diluent, adjuvant, 
excipient, or carrier. 

8. A purified and isolated polypeptide nultirner. wherein at 
least one monomer thereof is a polypeptide according to 
claim 1, and wherein said mullimer is capable of bindinu; to 
VEGFR-3. 

.9. A dimer according to claim 1. 

10. A polypeptide according to claim 1 comprising amino 
acids 1 to 419 of SEQ ID NO: 8. wherein the cysteine 
residue at position 156 of SEQ ID NO: 8 has been deleted 
or replaced by another amino acid. " * 

11. A method of imaging FU4 receptor tyrosine kinase 
(VEGFR-3) in tissue suspected of containing VEGFR-3, 
comprising the steps of contacting tissue suspected of con- 
taining VEGFR-3 with a polypepude of claim 1 and imaging 
VEGFR-3 in the tissue by detecting the polypeptide bound 
to the tissue. 

12. A purified and isolated nucleic acid comprising a 
aucleolide sequence encoding a VEGF-C AC 1JO polypeptide 
that binds to human FU4 receptor tyrosine kinase (VHGKR- 

3) and fails to bind to- human ICDR -receptor tyrosine 
(VEGFR-2), said polypeptide, having an amino acid 
sequence comprising a portion of SEQ ID NO: S effective to 
permit binding to VEGFR-3, wherein the cysteine residue at < 
position 156 of SEQ ID NO: 8 has been deleted or replaced 
by auother amiuo acid. 



13. A vector comprising a nucleic acid according to claim 

13. 

14. A host cell transformed or transfected with a nucLeic 
acid according to claim 12. 

15. A method of making a polypeptide that binds to 
VEGFR-3. said method comprising the steps of: 

(a) expressing a nucleic acid according to claim 12 in a 
host cell; and 

(b) purifying a polypeptide that binds to VEGFR-3 from 
said host cell or from a growth medium of said host 
cell. 

16. A polypeptide that hinds to the extracellular domain of 
human FU4 receptor tyrosine kmase (VEGFR-3), 

said polypeptide comprising a fragment of a vertebrate 
pe pro- VEGF-C amino acid sequeuce that binds to 
human VEGPR3, with the iproviso that, in said 
polypeptide a conserved cysteine of the vertchratc 
prepro-VEGF-C has been deleted or replaced by 
another amino acid. 

wherein the vertebrate pre pro- VEGF-C amiuo acid 
sequence comprises an amino acid sequence that is 
encoded by a DNAof vertebrate origin which hybrid- 
izes to a non-coding strand complementary to nucle- 
otides 352 to 1611 of 'SEQ ID NO: 7 under the 
following hybridization conditions: hybridization at 
42° C. iti a hybridization solution comprising 50% 
formamide, SxSSC, 20 mM Na*PO rt , pH 6.8; and 
washing in 0.2xSSC at 55° C, 
* wherein nucleotides 352 to 161 1 of SEQ ID NO: 7 encode 
a human prepro-VEGF-C having the amino acid 
sequence set forth in SEQ ID NO: 8 thai is character- 
ized by eight cysteine residues at positions 131, 156, 
162 T 165, 166, 173, 2U9, and 211 of SEQ ID NO: 8 that 
arc conserved in human vascular endothelial growth 
factor (VEGF), human platelet derived growth factors 
A and B (PDGF-A, PDGF-B), human pLacenta growth 
. factor (P1GF--1), and human vascular endothelial 
growth factor B (VEGF-B), and 

wherein the conserved cysteine that has been deleted or 
replaced corresponds to position 156 of SEQ ID NO: 8. 

17. A purified polypeptide according to claim 16 wherein 
the vertebrate is a human. 

18. A polypeptide according to claim 16 wherein the 
vertebrate is a mouse. 

19. A polypeptide according to claim 16 that binds 
VEGFR-3 and has reduced VEGFR-2 binding affinity rela- 
tive to human VEGF-C having, an amino acid sequence 
consisting of amino acids 103-227 of SEQ ID NO: 8. 

20. A composition comprising a polypeptide according to 
claim 16 in a pharmaceulically-aceeplable diluent, adjuvant, 
excipient, or carrier. 

21. A polypeptide according to claim 16, wherein said 
polypeptide comprises an amino acid sequence selected 
from the group consisting of: 

(a) the amino acid sequence of SEQ ID NO: 11, wherein 
the cysteine residue at position 152 of SEQ ID NO: 11 
has been deleted or replaced by another ammo acid; 

(b) ami no -terminal trunations of (a); and 

(c) carboxy l-terminal truncations of (a) or (b). 

22. A polypeptide according to claim 16, wherein said 
polypeptide comprises an amino acid sequence selected 
from the group consisting o£ 

(a) the amino acid sequence of SEQ ID NO: 13, wherein 
the cysteine residue at position 155 of SEQ ID NO: 13 
has becu deleted or replaced by another amino acids; 
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(h) amino-icrminal truncations of (a); and 
(c) carboxy I -terminal truncations of (a) or (b). 

23. A purine d and isolated nucleic acid comprising a 
uueteotide sequence encoding a polypeptide that biuds to the 
extracellular domain of human Fit 4 receptor trosine kiase 5 
(VEGFR-3). 

said polypeptide comprising a fragment of a vertebrate 
prepro-VEGF-C aminu acid sequence thai binds iu 
limnai) VEGFR-3, with the proviso thai, in said 
polypeptide, a conserved cysteine of the vertebrate , '' 
prcpro-VEGF-C has been deleted or replaced by 
another amino acid, 

wherein the vertebrate prepro-VEGF-C amino acid 
sequence comprises an amino acid sequence that is 
encoded by a DNA of vertebrate origin which hybrid- 
izes to a non-coding strand complementary to nucle- 
otides at 352 to I6~l l of SEQ ID NO: 7 under the 
following hybridization condition: hybridizatin at 42° 
C. in a hybridization solution comprising 509r _ 
fortnamide. 5xSSC 20 mM Na.PO, pH 6.3; and wash- 
ing in 0.2xSSC at 55° C, . 

wherein nucleotides 352 to 1611 SEQ ID NO: 7 encoded 
a human prepro-VEGF-C having the amino acid 
sequence set forth in SEQ ID NO: 8 that is character- :5 
ized bv eight cvsteine residues at position 131, 156, 
162, 165, 1G6, 173, 209, and 211 of SEQ ID NO: 3 that 
are conserved in human vascular endothelial growth 
factor (VEGF), human platelet derived growth factors 
A, and R (PDGF-A, PDOF-R), human placenta growth j- 
factor (PlGE-1), and human vascular endothelial 
growth factor B (VEGR-B), and 

wherein the conserved cysteine that has been deleted or 
replaced corresponds to position 156 of SEQ 1U NO: 8. 

24. A vector comprising a nucleic acid according to claim .*5 
23. 

25. A host cell transformed or transfected with a nucleic 
acid according to claim 23. 

26. A method of making a polypeptide that binds lo 
VEGFR-3, said method comprising the steps of: 4C 
. (a) expressing a nucleic acid according to claim 23 in a 

host cell; and 

(b) purifying a polypeptide that binds to VEGFR-3 from 
said host cell or from a growth medium of said host 
cell. . 45 
.27. A polypeptide that binds to human FU4 receptor 
■tyrosine kinase (VEGFR-3), said polypeptide comprising an 
amino acid sequence selected from the group consisting of: 
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(a) the amino acid sequence of SEQ ID NO: S. wherein 
(he cysteine residue at position 156 of SEQ ID NO: S 
has been deleted replaced by another amino acid; 

(b) the amino acid sequence of SEQ ID NO: II. wherein 
the cysteine residue at position 152 of SEQ ID NO: 1 1 
has been deleted or replaced by another amino acid; 

(c) the amino acid sequence of SEQ ID NO: 13. wherein 
the cysteine residue at position 155 of SEQ ID NO: 13 
has been deleted or replaced hy another amino acid; 

(d) amino-terminal truncations of (a), (b), or (c); and 

(c) carboxyl-terminal truncations of (a), (b), (c), or (d). . 
2S. A polynucleotide comprising a nucleotide- sequence 

that encodes a polypeptide that binds to human FU4 reeeplur 
tyrosine kinase (VEGFR-3), said polypeptide comprising an 
amino acid sequence selected from the group consisting of: . 

(a) the amino acid sequence of SEQ ID NO: S, wherein 
the cysteine residue at position 156 of SEQ ID NO: S 
has been deleted or replaced by another amino acid; 

(b) the amino acid sequence of SEQ ID NO: 11. wherein 
the cysteine residue at position 152 of SEQ ID NO: 11 
has been deleted or replaced by another amino acid; 

■(c) the amino acid sequence of SEQ ID NO: 13. wherein 
the cysteine residue at position 155 of SEQ ID NO: 13 
has been deleted- or replaced by another- amino acid; 

(d) amino-terminal truncations of (a), (b), or (c); and 

(e) carboxyl-terminal truncations nf (a), (b)-, (c), or (d). 
29. A polynucleotide according to claim 28, wherein the 

nucleotide sequence that encodes the peptide comprises a 
sequence selected from the group consisting of: 

(a) the nucleotide sequence set forth in SEQ ID NO: 7 ' 
from nucleotide 352 to 1611, wherein the cysteine 
codon al positions 817-819 has been deleted ur 
replaced by a codon for an amino acid other than 
cysteine: 

(b) the nucleotide sequence set forth in SEQ ID NO: 10 
from nucleotide 168 to 1412. wherein the cysteine 
codon ar positions 621-623 has been deleted or 
replaced by a codon for an amino acid other than 
cysteine; 

(c) the nucleotide sequence set forth in SEQ ID NO: 12 
from nucleotide 453 to 1706, wherein the cysteine 
codon at positions 915-917 has been deleted or 
replaced by a codon for an amino aid other than 
cysteine; 

(d) 5'-deletion fragments of (a), (b), or (c); and 

(e) 3 '-deletion fragments of (a), (b), (c), or (d). 

***** 
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Summary 

There is comparatively little knowledge of the structure and function of cultured lymphatic 
endothelium. A study was carried out to compare the intrinsic growth characteri sties of cultured 
lymphatic endothelial cells with cultured endotheliaderi ved from blood vessels. It was found that 
cultured lymphatic endothelium has growth requirements and growth characteristics similar to 
vascular endothelium. It also possesses FvTlIRA and Weibel-PaJade bodies for specific 
identification. The results of this study have provided important base line data for subsequent 
studies of the patliotriulugy of lymphatic endoihciiurn. . 

Introduction 

In vitro studies in the last 10 years have mainly focused on studies of endothelium derived from 
blood vessels (6) . Such studi« greatly advanced our understanding of the role that blood vascular 
endothehaplay in blood homeostasis, inflammaiion, tumour angiogenesis and atherogertesis. in 
vitro studies have established that vascular endothelial cells are site and organ specific produce a 
whole range of active substances, and have specific markers for their identification (9)'. There are 
no studies of cultured lymphatic endothelium on a comparable scale even though it is generally 
accepted that lymphatic vessels play important roles in various pathobiological processes such as 
inflammation, tumour spread and immunologic reactions. Lymphatic vessels axe difficult to 
■ visualise in ordinary lissuc sections and functionally regarded as passive conduits for returning 
excess fluid from the interstitial tissue to the main circulation, but how they play ari active role in 
(he spread of malignant tumours, inflammation, healing and regeneration as well as immunologi- 
cal reactions i.s not clear. There is little doubt that in vitro studies of lymphatic endothelium on a 
similar scaJe to vascular endothelium will help to define more specific roles that lymhatic vessels 
may play in various pathobiological processes. 

The techniques for the culture of endothclia from blood vessels arc well eatabliehcd (6). 
Evidence from a few preliminary reports suggests that successful cultures of lymphatic - 
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endothelium could be achieved from the same techniques for the culture of vascular endothelium 
(9, 10). A* n fust step towards a subsequent study of the Immunological and secretory 
characteristics of cultured lymphatic endothelium, we sei out to establish cultures oflympbatk 
endothelium, study their growth and sirurtural characteristics and compare them with cultures of 
endothelium from blood vessels. The results from this study will provide valuable base b'ne data 
for subsequent studies of the pathobiology of lymphatic endothelium. 



Material* and Methods 

Isolation of endothelial cells from bovine mesenteric lymphatic vessels 

Fresh borvine mesentery was obtained from the local abattoir. -The mesenteric vessels wr: 
identified by injecting a solution of 0. 1 % . Evan ' s blue dye in phosphate buffered saline (PBS) into 
a mesenteric lymph node. The dye filled segment was ligated and dissected free from the adipose 
tissue. The lymphatic vessel was cannuiated at both ends and gently flushed with Hank's balanced 
salt solution (HBSS); The lymphatic was then filled with HBSS containing 1.5mg/ml of 
collagcnasc (Boehringer Mannheim) and 0 2 % footal calf serum (FCS) and incubated at 37 °C for 
10 min. The lymphatic vessel was then drained and the Quid collected. The vessel was flushed 
with an additional 20 ml of HBSS. The total volume of solution was centrifuged at 3,000 rpm for 
15 min. The cell pellet was resusp«ndcd in I ml ofcompleeeculture media and placed in one well of 
aLinbro mu hi well plate (9.62 cm 2 ), A further 2 ml of culture media was added to the culture well. 
Usually the cells from 2 lymphatic vessels were pooled and placed in one culture well. 

Isolation of bovine aortic endothelial celk 

Fresh aorta obtained from the local abattoir wax dissected free of all fibrofatvy tissue and the 
branches ligated. The aorta was then filled with HBSS containing 1 .5 mg/ml of collagcnase and 
0.2% FCS and incubated at 37 e Cfor 10 min. The perfusate was recovered, centrifuged and the 
pellet re suspended in I ml of HBSS and placed in culture well with an additional 2 ml of complete 
culture media. 

Isolation of human umbilical vein endothelial cells 

Human umbilical cords were obtained from the associated obstetrics hospital of the University 
of New South Wales. The endothelial cells were isolated from the vein using established 
techniques of cullagenasc dispersion. Briefly, the umbilical vein was inspected for damage and 
cannuiated at both ends and rinsed with HBBS and then filled with 0. 1 % collagenaxe containing 
0.2 % FCS and incubated for 10 min at 37 °C. The solution was then collected and the vein flushed 
to remove residual endothelial cells. The cells were concentrated into a pellet by centrifugation at 
1 ,000 rpm for 5 min, resuspended in 1 ml of complete culture media and placed in culture well (7). 

Culture conditions 

All primary and subcultures were grown in modified Medium 199 containing Earl's salts. 
20mMol HEPES buffer and glutamine supplemented with 20% FCS (Flow), lOOug/ml 
endothelial cell growth supplement (ECOS), I00u.g/ml heparin (Sigma), penicillin 50 \jJmi 
(Flow), 'Streptomycin 50 u-g/mi and fugiionc 2.5 ug/ml (Flow). 

All culture flasks and wella were coated with 1 % gelatin (Sigma) in Ca** 1, and Mg * * free PBS . 
Primary cultures were grown in Linbro muJtiwell plates and subcultures were grown in Nunclon 
25 cm 2 flasks at 37 a C in a humidified incubator wiih air and 5 % CO^. Cells were passaged and 
subculiurcd by standard techniques of trypsin digestion using 0. 25 % trypsin, 0.02 % EDTA in 
PBS , Cells were passaged at a ratio of 1 : 3 and subcultures reached confluence in 7 days. Half the 
culture medium was replaced in all cultures at second daily intervals. 
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hnlaticn and cuUurr of human cwrric and capillary endothelial celh 

Human aortic endothelium was cultured from thoracic aorta of young adults after deach 
■tan head mjury. Endoiheha! cell, were handed by the techniques of enzyme dbpen " 
descnoed in the preceding sections. « 

Capillary endothelial cells were isolated and cultured from the neonatal foreskin obtained 
from circumcision. Briefly foreskin w* 3 cut into small pieces and after 0.3 % trypsin digestion 
squeezed wuh a scalpel blade to extrude endothelial cells from capillaries. Contaminant cells 
were removed by centrifugadon in Pcrcoll and by mechanical weeding wiih sterile glass probe 
dunng culture. Cultures of capillary endothelium were maintained in 20% human serum in 
Medium 199. lOOug/ml ECGS and lOOug/ml heparin. . 

Identification of endothelial cells 

It is generally accepted 'that the best method of identification of endoihelial cells is the 
detection of factor V1JI related antigen (FVUIRa) which can be readily demonstrated by 
immunohistochernicaJ techniques fS>. All cultured cells in ihJs study were subjected to indirect 
immunonuoTOcent microscopy for expression of FVIIJRA. Cells were grown on coverslips 
for 4-5- days and removed from culture flasks, rinsed m FBS T fixed in cold acetone and air 
dned. The cover slips were than washed in Triton X 100 (0.3% in PBS), rinsed in PBS and 
incubated with primary antibody, rabbit anuhuman FVUIRa at a dilution of 1 : 100 in PBS 
with 3% pig sera for I h: The coverslip was then rinsed in PBS and incubated with F!TC 
labelled swine anti-rabbii igC with 3% pig sera for 30 min. The cover slip was then washed 
and mounted with glyceroI/PBS (1:9), examined and photographed. ' 

Proliferation Studies 

n»e rate of cellular proliferation was determined by estimation of the doubling time which 
.s the ttme taken for cell culture in double their population in a given culture condition Cells 
were grown .n Linbro multiwell place, of 2.0 cm each. Each well w„ inoculated with 
approximately 5;8x 10' celU/cm 1 . The number of cells in each well wa,. counted in a 
bacmocytorneter after 24 , 48 and 72h intervals. The cell counts were plotted on a semilo* 
graph and doubling limes determined by analysis of the growth curvei (7). 

Preparation of cultured cells for electron microscopy 

Cultured cells were prepared for transmission electron microscopy by established techni- 
ques of HAUDBW.Hli.n e. al. (S). Cell* grown i„ Nuclon flasla were fued in situ with freshly 
prepared 2.5 h glutaraMehydc in 0. 1 M cacodylatc buffer at pH 7.4 for I h and processed by 
standard techniques. Toluidine blue (0.1%) was added to identify cell colonies durina each 
step of processing. After processing blocks of flask with attached cell layer were selected and 
sectioned for examination with a Philips 300 electron, microscope 

. Cultured cells were prepared for scanning electron microscopy using standard techniques 
Glass cov CR hp, were inoculated w ith 50 ui aliquot of cell suspension containing appro* \i 
mauly 2-2 5 x 10* cells and placed in a peri dish containing culture media for 4-5dTy 

Cells were then fixed in glutaraldehyde. 7 

Normal lympatic vessels 

Normal mesenteric bovine lymphatic vessels were" prepared for light microscopy trans- 
nnjsion and scann.ng electron microscopy by standard methods for comparison with cultured 
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Results 

General growth characteristics of cultured endothelial cells 

The techniques used for the isolation ana culture of vascular endothelial cells and the 
erowth characteristics of bovine aortic endothelium and human umbilical vein endothelium are 
well documented (2, 6, 14). The characteristic feature;; of vascular endothelium compared 
with ihose of lymphatic endothelium are presented in loble 1. It was found thai lymphatic 

Table L Growth and structural characteristics of cultured endothelial cells. ^ 

Growth 
pattern 



rvil tvoc Cvtoloev Growth Ultrastrucruml Immunohisto- Proliferation 
7H 1 features chemistry (doubling 

— time) 



WBP Tight jns . FVUIRA UEA-1 



HUVE- 
MAE 
BAE 
BLE " 



Polygonal 
polygonal 
Polygonal 
Polygonal 



Monolayer -r + + + + + 

Monolayer -r + + + + + 

Monolayer - + + 

Monolayer ++ + - 



-r + + -r 
+ + . + 
-r + + + 



14h 

30-40h 
30-40 h 
I6h 



WPB- - - absent; + = present; + + - frequent; +> + = numerous; FVIIIRA: - = absent; 
+ + + = )00% positive; UEA-1 : - - absent; + - faint; - bright Naming 

endothelial cells were readily detached and dispersed from the vessel wail using a cojlagcnaie 
solution containing 1.5 to 2.0mg/ml of enzyme. A higher concentration of co agenase 
appeared to cause detachment and disruption of conuminant cells a, wel as endotheliat cells. 
A layer of gelatin was also essential for growth of lymphatic endothelial cells. Cells were 
attached to the getarin-coatcd surface of the culture vessels within 3 h of Inooj^tton. By 2-3 d 
ffi* I) proliferative activity was well in advance and reached confluence by 5 to 7 days. 
Associated with endothelial cell* were elongate* fibroblastic cells. They were eliminated by a 
proceu of mechanical weeding using sterile glass probe under phase cnnirast microscopy, 
Under these conditions relatively pure cultures of lymphatic endothelial eel s were obtained 
Cultured vascular and lymphatic endothelial cells at confluence attained eel densities ranged 
from 2.7 X 10< cells/cm 2 to 7.4 X IO\ceiLs/cnr. The average eel density for each ceU type 
was highest for Bovine aortic endothelium (BAE) at 4.2 x 10 cells/cm- Bovmc ^ lymph U 
endothelium (BLE) at 3.S x 10 4 cells/cm 2 and human umbilical vein endothelium (HUVfa) at 
3 5 X Hf cells/cm 1 . The cell density did not appear to significantly decline with prolonged 
culture although some large multinucleated cell forms appeared in older cultures. The cells did 
not increase in size with repealed sub-cultures. 

Cultured cells were examined by indirect immuno fluorescent microscopy ™ far 
FVIIIRA. Cryostat sections of normal lymphatic vessels were also examined for FVIIIRA 
expression by indirect immunofluorescence. 

Ultrasiructurcit features of cultured lymphatic endothelial cells 

To our Knowledge, there are no detailed reports of the ulUastructure of cultured lymphatic 
endothelium. The method of preparation of monolayers of cultured cells for ultrBitnictu.nl 
studies ensured that the integrity and intercellular as well as the cell/substrate rclaltonship of 
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Fig. L Cultured human umbilical vein endothelial cells after 3 days showing polygonal and 
elongaied morphology. Phase contrast *350. 




Kxp. Pwhol. 42 (1991) I 15 






He. 4. Surface rei . 
mitochondria (Mc; 
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Fig. 3. DifTcreni types of intercellular junctions of cultured endothelial ceils. A - simple 
overlapping of adjacent cells, x 94,000. B = Monice-liJce junction, x 74,000. G = lighi 
Junction, rorely seen in cultured lymphatic endothelium, x 28 ,000. 



the monolayer was maintained. Cultured endothelial cells covered the gelatin surface as a 
distinct monolayer al confluence The cells have central nuclei with cell borders extending 
over considerable distances in all directions. Cells, were bound by a distinct cytoplasmic 
membrane with invaginations and often narrow openings forming cavcolae. There were also 
numerous randomly placed surface projections most of which have club-shaped ends similar ro 
those seen in vascular endothelium. The cytoplasm contained the usual cytoplasmic organelles 
including mitochondria, ribosomes, rough endoplasmic reticulum, Golgi apparatus, filaments 
and vesicular bodies, the Weibet-Palade (WPB) or specific endothelial granule was frequently 
seen in the cytoplasm, sometimes silualcd in a position close to the Golgi apparatus (fig. 2). 
The WPB hud a specific internal substructure characterised by a series of longirudinoJ fine 
tubular structures arranged in a parallel fashion to the longitudinal xus.'The appearance of the 
WPB varied considerably depending on whether it was cut in cross or oblique *ecrtons or 
whether the section transected the broad or narrow end of the club-shaped structure. 
Consequently the WPB could be easily mistaken for mitochondria. Cultured lymphatic 
endothelial cells maintained a close intercellular relationship. There were 3 types of intercellu- 
lar junctions in vascular and lymphatic endothelial cultures (fig. 3). The most common type 
was a simple overlapping of one cell on another. The less commonly encountered type was the 
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Fig. 4. Surface region of normal (in vi »o) lymphatic endothelium showing tight junction (TJ) 
m. ochondna <Mc) m.cro- project^ (M) and Weibel-Patadetedies (arrow) fn SuTsoSnn 
and (allow heads) in cross section, x 45.000. \«">w, in oonquc section 
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Fig, 5. Cullurcd human endothelial cell showing c3veola (arm* h&ad) and several Weibel- 
Palade bodies (arrows). P ~ gelatin substrate, x 45,000. 



present in all cullurcd endothelial cells examined (fig. 3). However, (he number varied 
depending on (he source of' cultured cells. It was surprising to note (hot. contrary to popular 
belief, human capillary endothelial cell.s contained many WeibeUPalade bodies (fig. 6). 

Cultured endothelial cells from the various sources maintain a close intercellular relation- 
ship. Most of the different types of cell junctions are encountered. These include simple 
overlapping* end to end abutment, complex interdigitating and mortice-like junjetions (fig. 3). 
Tight junctions are frequently encountered. There are iUo micro-channels were pinocyuc 
vesicles often open into (fig. 7). 



Immunofluor<scent studies on cultured endothelial cells 

All cultured endothelial cells in thi.s study were examined by indirect jmmuno fluorescent 
microscopy for the presence of FVIIIRA. The expression of FVTHRA has been recognised as a 
specific feaiure of endothelial cells. In this study all cultured cells were found to express 
FVIIIRA. All primary and subcultures of endothelial cells exhibit, brilliant granular green 
fluorescence (fig. 8a). By using phase contrast microscopy it was possible to determine the 
exact proportion of cells containing FVIIIRA (fig. 3b). There wax slight variation in the 
staining intensity but cultured cells still exhibited strong fluorescence after 8 passages. In an 
effort to ensure specific staining for FYIIIRA sl eps ^cre laiten to block non-specific staining 
by incubating cultured cells In diluted pit aniisera or incubating cells with dilute 3% pig .serum 
in the siaininr; procedure. Negative controls were also included. Cultured endothelial cells 
were also stained with Ulex europaeus I lectin (UEA-l). It was found that endothelial cells 
showed variable staining intensity. 
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Fig. 7. Cultured bovine endothelium showing tight junction (TJ) ( an intercellular mieroehan- 
nel (arrow) and surface vesicle (V). x 74,000. 
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Fig. 8. a) Cultured lymphatic endothelial cells exhibiting bright granular immunofluorescence 
for FVIIIRA. x 430. b) Phase contrasl view of ihe same field verifying thai all celts show 
FVUIRA. x 370. 



Frolifcraiion studies and doubling times 

The growth rale of various types of cultured endothelial cells were studied in different 
culture conditions during their logarithmic growth phase. U was established that the optimal 
period of determining the doubling lime of cell growth was between 24 to 48 h of passage. By 
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Fig, 9. Growth curve for culturcd lymphatic endothelium after the 4th (D) and 7th (A, B, C) 
passage inoculated at 5.3 x 10* cells/ cm 2 in the following culture conditions: 
A - ECGF (100 u-gym)), heparin (100u.g/ml), 20% FCS, and gelatin; B = ECGF (100 u>g/ 
ml), 20% FCS, ond gelatin; C = ECGF (t00ug/ml). heparin (lOOyg/ml), 20% FCS and 
plastic; D = ECGF (100 |ig/ml), heparin (I00ng/ml), 20% FCS and gelatin. 

Fig, 10, Growth curves for cultured human umbilical vein endothelium after 2 pas/ages 
inoculated at 8 x 10* cells/cm 3 in the following conditions: 

A = ECFG (100u g /ml), heparin (100 ug/mJ). 20% FCS and gelatin; B «= heparin (100 \xgi 
ml), 20% FCS and gelatin; C = ECGF (crude preparation, 50u,l/rnl), heparin (lOOjig/ml), 
20% FCS and gelatin, D = ECGF (crude preparation, 50 u.l/ml), heparin (100 u.g/ml). 20% 
human AB negative serum and gelatin. 
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Ftg,lL Growth curves for calturcd human aortic 
endothelium after '7 passages and inoculated at 
5.4 x 10* cellsj'cnv in the following culture condi- 
tions: - - - * 

A = ECGF (lOO^g/ml), heparin (100 U-gyml), 20% 
human AB negative serum and gelatin; B = ECGF 
(I00u,g/ml), 20% human AB negative scrum and 
gelarin; C = ECGF (crude preparation, 50 pj/ml), 
heparin (100 ug/ml), 20% human AB negative serum 
and gelatin; D = heparia (100u>g/mi), 20% human 
AB negative serum and gelatin. 



this lime the ceils would have recovered from the shock of passage and by 48 h reached 
confluence. The relative growth curve* of various endothelial cells under various growth 
conditions are shown in Figs. 9, 10 and 11. It u evident that the doubling limes varied with 
culture conditions. Lymphatic endothelial cells -grow best in culture media containing ECGF, 
heparin, FCS- and on a substrate of gelatin. The results are compared with results from 
previous works in table 2. 
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the purity of cultures or that some of Johnston K and W*i„«a:x"s cultured cells may have lust 
their expression for FVHIRA. We were also abJe to show thai cultured lymphatic endothelial 
ceils have Wei b el- Pa lade bodies. Johnstone and Walk'ek (9) did not publish my data on 
ultrasrjruciurai studies of their ceils. Other workers have also shown variation in FVflfRA 
expression of lymphatic endothelia {1, 17). 

Our findings that blood vascular and iympharic endothelia have similar growth require- 
ments, growth characteristics and have FVIJERA further support the notion of a common 
origin of blood and lymphatic vessels. There ore 2 opposing view*; on the origin of lymphatic 
endothelium. One view is that lymphatic vessels differentiate de novo from local mesen- 
chyme as a series of channels which subsequently conneci centrally to form- the lymphatic 
system. The opposing view is that (he lymphatic system develops as a series of venous 
ouipouchings during early embryonic life, the channels ramify and extend peripherally to 
eventually form the dcflnin>e lymphatic system (II, 20). If we accept the latter theory, it is 
therefore not surprising to find that endothelium f:om blood and lymphatic vessels share 
common characteristics. This docs not imply, that (here are subtle biochemical or 
immunological differences between blood and lymphatic endothelium or mot lymphatic 
endothelia may also be site and organ specific. More .work, with particular emphasis on 
cultures of lymphatic endothelium from capillaries and a study of their antigenic expression 
as well as biochemical features may help to elucidate some of the Lssues 

The Weibel-PaJade body is a unique endothelial cell structure. ll has an internal substruc- 
ture uf parallel micro-tubules bound by a membrane. Its exact function is not fully known, 
but recent work has shown that it may he the site of production andyur storage of von Wil- 
lebrand factor. This notion is supported by the fact that the Wcibel-Palade body has been 
seen to be closely associated with the Golgi apparatus. Some researchers have doubted the 
existence of Weibel-Paiadc bodies in lymphatic endothelium. TiaUCHl and YaMaMOTO (18) 
have shown Weibel-Palade bodies in canine lymphatic endothelium. There is also evidence 
that Weibel-Palade bodies may occur in clusters in certain types of large vessel endothelia 
and scarcely in endothelia of small capillaries. Our work has shown the presence of Weihel-- 
Paladc bodies in cultured and norma/ lymphatic endothelium. However, we have not 
examined the distribution or the density of Weibel'Palade bodies in lymphatic endothelium. 
Nevertheless, the fact that WeibeUPalade bodies are found in lymphatic endothelium and the ' 
suggestion of Weibet-Palade bodies being a source of von Wjllebrand factor raises the 
possibility ihat lymphatics may he an important source of von WiJlebrand factor in health 
and disease states- It is also reasonable tn postulate that rhc structure and biochemical 
activity of von WiJlebrand factor derived from lymphatics may differ from that derived from 
blood vessels. 
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ABSTRACT 

The post 15 years have witnessed 
an explosion of knowledge about blood 
vascular endothelium due in Large part 
to in viiro growth of endothelial cells 
from bath large blood vessels and capil- 
laries. In ^contrast, little comparable in- 
formation has accumulated on endotheli- 
um of lymphatics, which lie In intimate 
contact viHh parenchymal cells and drain 
excess fluid, macromolecutes, particles, 
and immunocompetent cells in a continu- 
ous recirculation between tissues and 
bloodstream. While stntctural and func- 
tional differences between the two vascu- 
lar systems have been described in vivo, 
in tissue sections, and in isolated prepar- 
ations, similarities are notable in ultra - 
structure, biochemistry, physiology, and 
pharmacologic responsiveness, and these 
may predominate under pathologic con- 
ditions. In 1984, three separate groups 
described in vitro culture of lymphatic 
endothelial cells from collecting . ducts 
and cavernous lymphangiomas. Lym- 
phatic, like blood vascular, endothelium 
grows in confluent monolayers, "sprouts", 
synthesizes Factor V Ill-associated anti- 
gen and fibt'onectin, and ullrastructurally 
shears Weibel-Palade bodies; overlapping 
intercellular junctions and anchoring 
filaments typical of lymphatic endotheli- 
ttm are also found. Genetic, congenital, 
and acquired disorders such as strangu- 
lating fetal nuchal, cystic hygromas 
( Down and Turner syndromes) t vascular 
tumors and dysmorpho genesis (Maffucci 



ond Klippel-Trenaunay syndromes) . 
Kaposi s sarcoma, lymphogenous and 
hematogenous spread of cancer, and 
parasitic infestations such as fitariasis K 
share overlapping abnormalities in for- 
mation, growth, and for neoplasia of lym- 
phatics and blood vessels. In these and 
similar clinical disorders, confusion often 
exists as to the nature of the cell or 
tissue of origin, and insight into the role 
and control of hemangio genesis and 
lymphangio genesis is still in its infancy. 
Nonetheless, with the. ever widening array 
of investigative techniques, it is not only 
timely but imperative to explore the 
endothelial biology . underlying these 
inborn and acquired disorders. 

Blood and lymphalic vasculatures arc 
closely intertwined in embryonic develop- 
ment and respond to many similar stimuli 
in Ihe microenvironmcnt (e.g. ischemia, 
inflammation t and neoplasia). Trie two 
circulations work together in an integra- 
ted fashion in the uptake and transport 
of interstitial liquid and macromolecuJes 
such as extravasated plasma proteins and 
ingested lipids, which recirculate between 
lymph, blood, and tissue. Distinct mi- . 
gration streams of immunocompetent cells 
interchange □( various points in the 
"blood-lymph loop." Anatomic connec- 
tions exist or open up between the two 
as lymphatic-venous communications, 
which function normally (viz. thoracic 
duct-jugutar venous junction) or become 
operational under physiologic and palho- 
logic conditions (e.g. carcinomatous 
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venous or lymphatic obstruction or in 
portal hypertension from alcoholic cir- 
rhosis). While lymphatics closely resem- 
ble blood vessels on tissue section, they 
arc more ihin-wallcd attenuated structures, 
containing bloodless fluid, and they 
ultrastructurally exhibit overlapping inter- 
cellular junctional complexes, specialized 
anchoring filaments, and discontinuous 
or absent basal lamina (1). Permeability, 
surface charge distribution, vesicular ma- 
cromolecular movement, lipid absorption 
and transport, intrinsic contractility, and 
vasorespansiveness of the two vascula- 
tures are distinct in some respects, vary 
from organ to organ, and also may over- 
lap. 

The vascular endothelium is the 
crucial interface between circulating blood 
or lymph and the tissues. Two decades 
ago only surmised by Lord Florey to be 
more than an inert passive membrane or. 
in "nucleated cellophane", endothelium is 
now recognized as the biologically active 
mentor of the microcirculation and of 
tissue homeostasis --originating, receiving, 
translating, transducing, and transmitting 
physical and chemical messages to and 
from different parts of the body. The 
ability to culture large and pure endothe- 
lial cell populations not only from major 
blood vessels but since 1979, also from 
. human capillaries has produced an explo- 
sion of knowledge (1-3). Despite differ- 
ences among species and organs, blood 
vascular endothelium (BVE) exhibits 
remarkably consistent morpholugy and 
function in vitro mimicking its structural, 
synthetic, and transport properties in 
vivo and in isolated vascular prepara- 
tions. In culture, endothelial cells' grow 
as confluent monolayers with characteris- 
tic cobblestone appearance, which under 
appropriate conditions sprout and form 
tubules, that is, display "angiogencsis in 
vitro." Distinctive ultras tructural fea- 
tures mirroring those found in lissue 
section include intricate intercellular junc- 
tions, micropinocytolic vesicles, interme- 
diate filaments, and WeibeJ-Palade 
bodies, which arc thought to manufacture 
or store Factor VUI-associated antigen 
(Factor V1IIAA). On immunohis I ©chemi- 



cal examination, endothelial cells contain 
Factor VJll-associated antigen, angioten- 

. sin-coverting enzyme, and extracellular 
matrix components such as fibronectin, 
all of which in addition lo prostacyclin 
and many other vasoactive metabolites 
can be measured quantitatively after re- 
lease into the supernatant overlying the 
monolayer. 

Considerable attention has been 

• directed to a search for angiogenic factors 
controlling blood vessel formation and 
thereby tumor and organ growth. The 
genetic code for one such substance, 
angiogcnin, has recently been deciphered. 
Blood vascular endothelium interacts in a 
"symbiotic" relationship with immuno- 
competent cells, directing lymphocyte cell 
traffic and "homing" and also producing 
colony-stimulating activity differentiating 
hemopoietic stem cells into granulocytes 
and monocytes (4)7 Immunocompetent 
ceils as well as fibroblasts and adipocytes 
in turn secrete angiogenic factors and 
share cell surface receptors with endo- 
thelium. Thus, in large part because 
blood vascular endothelium can now be 
isolated in vitro, its role as a- structural 
barrier as well as active facilitator of 
small solute and macro molecular transport 
into and out of tissues, as a director of 
cellular migration, as a stabilizer of the 
coagulation cascade, and as a biosynlhctic 
factory is now being unraveled. Blood 
vascular endothelial damage and/or repair- 
have been implicated in processes as di- 
verse as atherosclerosis, hypertension, 
inflammation, wound healing, ischemia, 
diabetes mcliitus, and transplant rejec- 
tion. 

Yet, in part because of a lack of 
analogous in vitro models, only rudimen- 
tary information is available about the 
highly permeable vascular interface on the 
"dark side" of the blood capillary barrier 
deep in the tissues, separating circulating 
"lymph" from extracellular matrix and 
liquid and parenchymal cells in lymphoid 
and non-lymphoid tissues/ Within this 
oft forgotten sluggish lymphatic-tissue 
fluid circulation pass 1 surplus liquid, ma- 
cromoleculcs, particles, and migrating/ 
cells from the intcrstilium on their way 
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through regional and central lymph nodes 
before returning to the blood circulation 
( Fig. I), In 1964 for the first time, 




Lymph Mod* 



Fl$. I. Blood-lymph loop. There is a co/Uimous 
circulation and recircuLj:ioA of cells, par titles, 
macromolecules, smalt solutes, and gases bet^etn 
blood, tissues, and lymph. Stood vascular and 
lymphatic endothelium rgpmianl crucial Uu erf aces 
Ox this circulation. Lymph exiling parenchymal 
organs filters through lymph nodes an its may to 
return f/tru lymphatic-venous communications to 
the bloodstream. 

small relatively pure populations of lym- 
phatic vascular endothelium were isolated 
by our group from explanls of a massive 
recurrent lymphangioma- (5), by Johnston 
from normal bovine lymphatic ducts (6) 
and by Gnepp from canine and human 
cadaveric thoracic ducts ( Figs. 2 and 3) 
(7). In culture, lymphatic vascular endo- 
thelium (LV£) from large ducts and 
rnicrovasculaturc bears a strong resem- 
blance to BVE, forming confluent "cob- 
blestone" monolayers, sprouting (Fig. 

4) , and staining positively for endothelial 
markers, Factor VIIIaa" and Ulex lectin. 
Thus, CI 13, our second nearly pure lym- 
phatic endothelial cell line from a recur- 
rent chylous retroperitoneal lymphangi- 
oma resembles blood vascular endotheli- 
um in staining positively for Factor 
VlllAA, f-aclin, and fibroncctin (Fig. 

5) . and exhibiting numerous WeibeU 
Paladc bodies (Fig. 6L) (8). Nonethe- 
less. LVE appears to possess some dis- 
tinctive features: overlapping intercellular 
junctions and abundant intermediate 
anchoring-type filaments typical of lym- 
phatic endothelium (Fig. 6R) (8). 
Although questions may be raised about 
stromal blood vessels giving rise to some 
of the endothelial cells found in this 



lymphangioma cell line, the same ques- 
tion can be but has not been raised 
about designated blood vascular endothe- 
lial eel! cultures from rnicrovasculaturc in 
such standard sources as omentum and 
foreskin, tissues rich in lymphatics as 
wcJl as blood vessels. At this point, 
there is every reason to believe that lym- 
phatic like blood vascular endothelium is- 
also a vast endocrine organ maintaining a 
lymph-fluid compatible surface and a 
changeable selective interface between the 
lumen and interstitium that is also the 
target for numerous perturbations affect- 
ing not only its intrinsic structure and 
function but also that of surrounding 
tissues. 

The close interactions between the 
lymphatic and blood vasculature and lym- 
phangiogenesis and hemangiogenesis on a 
cellular and organ level are further illus- 
trated in the clinical manifestations of 
disease. Congenital lymphologic syn- 
dromes of genetic or intrauterine origin 
involving abnormal growth of lymphatics 
often include widespread blood vascular 
abnormalities as. in MaffuccTs and Klip- 
pel -Trenaunay syndromes (Figs. 7 and 
S), These snft tissue hemangiomas and 
lymphangiomas arc commonly accompan- 
ied by lymphedema, venous aplasia or 
hypoplasia as well as arteriovenous ano- 
malies and striking soft tissue overgrowth 
such as limb hypertrophy and macrodac- 
tyly.Jikely cluscly linked to the circula- 
tory disturbances (Figs. 7 and S). On 
rare occasions malignant vascular trans- 
formation may take place. Blood vascu- 
lar and lymphatic anomalies also coexist 
in Turner's XY gonadal dysgenesis syn- 
drome where webbed neck from regressed 
fetal cystic lymphangiomas, extremity 
lymphedema associated with lymphatic 
hypoplasia and aplasia, and coarctation of 
the aorta arc typical manifestations; vari- 
ants of the syndrome also exhibit severe, 
intracardiac anomalies; Down syndrome 
(trisomy-21) similarly may present in 
utero with strangulating cystic hygromas, 
cardiovascular anomalies and lymphedema 
or survive into adulthood with other 
variations of these vascular abnormalities. 
On the other hand, in acquired condi- 
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BOVWe MESENfEHC VASCULAR ENDOTHELIUM 



(M.G Jcivistcn and UA Walker. In Vilrci. 1334) - 

/"iff. i. Comparison of bovine lymphatic endothelial with bovine superior mesin- 
l eric arterial endothelial in ehsue culture. The cells in A and B \»erc stained 
wish a Hemacolaur stein kit (Harleco) as follows. The celts were wasted twice 
with PBS and. fixed for S rnin In methanol. The celts received an eosin solution 
(20s) followed by a ihiajine solution (30s) and were then washed with water, A. 
Bovine, lymphatic endothelial cells, Passage 9: (xl4t). B. bovine mesenteric 
artery endothelial cells. Passage 4, (xl4l); (6; modified by permission) . C and 
D show assay for Factor Vfff -related antigen. C, bovine lymphatic endothelium. 
O, Bovine mesenteric art try endothelium (antibody to luman Factor Vlff-rtl- 
attd antigen diluted U 10) (6; modified by permission), 



-tions such as classical or AJDS-associated 
epidemic Kaposi's sarcoma, abnormal 
lymphatic- venous communications may 
comprise or contribute to the multicentric 
tumor some, of its -peculiar morphologic 
■ and immunohistochemical properties as 
well as the associated lymphedema and 
hemorrhage. On rare occasions, malig- 
nant vascular tumors appear as Slcwart- 
Trcvcs syndrome after many years of 
lymphostasis associated with intense he- 



mangiogenesis . and lymphangiogcnesis, 
and lyrnphangiomatoid changes superim- 
posed on exuberant profuse scarring and 
fat deposition. The latter is well exem- 
plified in filarial infestation, which Jcads 
to elephantiasis where thickening and 
piling up of the lymphatic as well as 
blood vascular endothelium, intraluminal 
blood or lymph clots, and exuberant 
deposition of underlying scar tissue char- 
acterize the pathologic process and the 



host ( 
dud 
lymi -a 
droT ■« 
cntl: I 



261 





CANJNE THORACIC DUCT 
ENDOTHELIUM 



HUMAN THORACIC DUCT 
ENDOTHELIUM 



(D. Gnepp and W; CTw^ef, in vitro, 1096) 

Fig. 3- L. upper, eawia thoracic duel culture dcm&iUra£lng a sheet of uniform 
con/act InMbUed nan- overtopping endothelial celts with typical cobblestone rnar-. 
phohgy. fxlJlJ. Lr. /ower, indirect imminc/iuoreseence of asnlr* thoracic duct 
endothelial celts demonsimtlng marked poMvlty of Factor Vfff antigen (noit 
gnxmlQT cytoplasmic staining. (*-t89). R, upper, hwrun thoracic duct culture 
damonstraltAg one nest of typical endothelial cells. Day 9. (x/29). R, lower, in- 
direct Unmunofluarescence of human thoracic duct endothelial cells derrvnMnjdng 
granular cytoplasmic and perinuclear fluorescence, (xl$9). (7; used by permis- 
sion). 



host response to the worm and its pro- 
ducts.* These interrelationships between 
lymphangiogenesis and lymphologic syn- 
dromes have been summarized by us rec- 
ently (9), and an analogous intercon- 



nected scheme can be postulated for 
hemangiogenesis and blood vascular syn- 
dromes. 

Endothelial biologists working in 
tissue culture have opened up the pheno- 
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4 Photomicrographs (inverted light)* dt pitting in vitro tvaluilon of lym- 
phatic endothelial celt gromxh de/tved from a resecled lymphangioma of the 
Knee. An "eart)r" phase displays a loose duster of endothelium vtih occasional 
"sprouting" or branching (A: xJOO). With time, this sprout ins pattern becomes 
mare prominent (B; xICO) and evemvaily evolves into a sheet-like cellular 
aggregate (C.D: x40) v(ih intense " lymphatic- like" tumorous branching (E,F; 
xJOOJ, 



menon of tumor angiogenesis to intensive 
inquiry. In 1972, Folkrnan (10) firsi pro- 
posed the concept that all tumors arc 
angiogenesJs- dependent and once tumor 
take has occurred, enlargement of Ihe 
tumor cell population is preceded by 
growth of new blood capillaries converg- 
ing on the tumor. Inhibition -of angio- 
gencsis. he proposed, might be a thera- 
peutic approach to solid tumors. Interest- 
ing questions have arisen about the role 
of endothelial mitogens in normal tissues 
and natural mechanisms that restrain and 
inhibit formation of capillary and thereby 
(issue and organ growth. Lymphatic ves- 
sels have been scarcely mentioned in the 
context of "angiogenesis", and some 
workers have even suggested that tumors 
do not contain lymphatics. Nonetheless. 



the parallel development and common 
response of the two vascular systems to 
varied physiulugic and pathologic stimuli 
suggest, however, that hcimngiogcncsis 
and lymphangiogenesis go hand in hund 
and thai the mysterious growth factors 
stimulating both vasculatures are self- 
generated as well as arise in or arc deliv- 
ered through the neighboring tissue 
matrix; that is, the stimuli are autocrine, 
paracrine, and endocrine. 

Despite the mounting interest in' 
tumor angiogenesis, investigation of a 
related process— what we have termed 
"angiotumorogencsis," i.e.. the growth 
and development of blood and lymphatic . 
vascular tumors- -has been extremely lim- 
ited despite their frequency as cosmetic 
imperfections or as disfiguring or even 
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Fig. S. Indirect ftuorticetU -antibody labeling using rabbit antifaman IgC jAowj the shared eristic granular pat- . 
tern of Factor Vflt-ntoied aruigtw (A) fxJ6S). F-actlA posutve microfilament bundles forming a well-organ- 
ized zytoxktleton Ualrud wtf/i N BD-phalloidtA (xS9l), cell surface-associated fibrontetin using rabbii arVlruman 
fLbronscttn fgC (C) {x!68J> which is ado deposited extracellular! y (S: used by pcnnLssion). 



lifc-thrcalcning tumors of childhood. 
Genetic, congenital and environmental 
influences on endothelial growth, such as 
by hormones and drugs (e.g., estrogens, 
oral contraceptives), industrial carcinogens 
(e.g., vinyl chloride) and viral agents 
(e.g.. human immunodeficiency virus and 
cytomegalovirus) are poorly understood 
but these agents arc known stimulant of 
endothelial proliferation, DNA transfor- 
mation, and neoplasia. Controversy con- 
tinues about the nature of some vascular 
tumors, i.e.. whether they are embryonic 
rests (hamartomas), true neoplasms or 
mere expressions of exuberant angiogen- 
csis. As in Kaposi's sarcoma, different 
areas of the same' lesion may appear 
strikingly heterogenous ranging from 
normal vessels to highly anaplastic or 
wildly aberrant structures indistinguish- 
able as lymphatics or blood vessels. 
Moreover, it is unclear whether multiple 
tumors in separated or remote sites are 
multicentric in origin or metastatic. Occa- 
sionally, benign -appearing endothelial 
tumors may exhibit local invasion, recur, 
and even spread (e.g.. "benign metasta- 
sizing lymphangioma") . On the other 
hand, benign and even malignant vascular 
tumors sometimes spontaneously regress. 
Unfortunately, immunohistochemical 



studies to detect the presence of intracy- 
toplasmic or cell surface endothelial 
markers (e.g.. Factor VJIIAA or base- 
ment membrane components) have pro- 
duced more confusion than clarification 
because of heterogeneity, of staining, pos- 
tulated but disputed differences between 
the blood and lymphatic vasculature, in- 
consistent staining techniques.' neoplastic 
or non-neoplastic transformation to more 
primitive or aberrant ceil types or pluri- 
potcnlial nature of the cells, and presence 
of mixed cell types including mesenchy- 
mal and lymphoid elements. Thus, in 
part because of the paucity of animal 
models and the lack of in vilro systems 
to study pure populations of tumor cells. . 
classification of endothelial tumors of 
lymphatic or blood vascular origin rema-- 
ins largely based on morphologic criteria 
and clinical behavior. Ahhough tumor 
modulation by hormones, immunoregula- 
tory substances, and growth factors 
seems 'almost within our grasp, detection 
and treatment of these neoplasms has 
progressed little over the past several 
decades beyond refinement or extension 
of surgical resection. 

Understanding the structural- func- 
tional interrelationships between the 
blood and lymphatic vasculatures in vivo 
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/f'lS. 6. Transmission electron microscopy (A-D) of cultured rumor celts weals relailvety smooth cell sur- 
faces wish fev microvillous projections, numerous vesicles, and tytoptasm rich wish Colgi end rough enda~ 
plasmic reticulum. AbvrJaAi WtUxl- Pelade bodies (A. arrow; B, higher magnification} art seen surrounded 
by bardUs of isdtrmidtate fdamenis characteristic of lymphatic tndoihdaim. Higher power detail of Inter- 
mediate filament j can be best appreciated In C- Typical macula adherens, over/apples intercellular junc- 
tions art also shown (C.D). (A=xMSSO: it *xd 1,800: C^x4S,4S0; D*x26.6S0) (doused by permission): 
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KLPPGL TRENAUNAY SYhCROME 

Tig. 7. 3-year-old gut *Uh Kllppsl-Trcnaunay syndrome molting the right 'teg. in addition to the char- 
acterisitc port wine nevus and agenesis of the detp venous system, smalt pedal arteriovenous flsrvfae tym- 
phscuuigraphy albumin) shows abbirranj lateral "pick-up" wish a targe, dilated truncal "tale" 

reaching the lateral groin only after many lyours. The left leg is unremarkable. Campus ed tomography wish 
contrast enJancemeni suggests diffuse tymphangiomatous change wilh llstte or no edema ftvld in the rigid 
leg.. 



and in vitro i 
control mechai 
tissue growth 
life to senesca 
variety of in \ 
neoplastic cm 
clues to dctcc 
giogenosis an 
enhanced or ■ 
tivc endotheli 
endothelium) 
treatment (so 
angioinhibitpf 
occurring hoi 
dioresislant v 
scar formatio 
released fron* 
scoped in ti: 
combined wi - 
biology cin i 
endothelial c I 
and distant > > 
shedding ligl 
transplant rc . 
plastic lympl c 
mellilus, lyn I 
spread of c j 



265 




dlgllat 

Fig. S. U-ynar-old girt vilh rmltlfsU lymphangiomas victudtng of ihc back, mediaztinum and Ufl axUla. Also 
preseru are right arm hypertrophy, /microdactyly, digital hyperemia. 



and in vitro is key to unraveling Ihc 
control' mechanisms and detailed steps of 
tissue growth and repair (ram embryonic 
life to senescence. Greater availability- and 
variety of in vitro models oi normal and 
neoplastic endothelium should provide 
clues 10 detection of abnormal lymphan- 
giogencsis and hemangiogenesis (e.g., 
enhanced or inhibited release of distinc- 
tive endothelial products from neoplastic 
endothelium) as well as more effective 
treatment (such as by angiostacic and 
angioinhibitory agents including naturally, 
occurring hormones for chemo- and ra- 
dioresistant vascular tumors or excessive 
scar formation. Isolated in pure culture, 
released from central control and tele- 
scoped -in time, such in vitro models 
combined with the tools of molecular 
biology can also be used to explore 
endothelial cell interactions with related 
and distant cell types thereby potentially 
shedding light on disorders as varied as 
transplant rejection, inflammation, hypo- 
plastic lymphedema, scleroderma, diabetes 
mellitus, lymphogenous, vs. hematogenous 
spread o( cancer, and Umb \scherr\u. 



What these test tube models teach us 
about fundamental biology must then be 
returned to the body, validated, and 
applied to this bewildering array of 
human disorders characterized by defec- 
tive, exuberant, or uncontrolled heman- 
giogenesis and/or lymphangiogenesis and 
*a wide variety of interrelated and depen- 
dent phenomena. 

ACKNOWLEDGEMENTS 

Supported in part by Arizona 
Disease Control Research Commission 
Con tracts #8277 -000000- 1 - 1 - AT- &25 , 
ZB-7492. and ZM-8036. 

REFERENCES 

1. Shepro. D, PA- D'Amore: Physiology and 
biochemistry of lha vascular wall endotheli- 
um. In Handbook of Physiology- -The Cardi- 
gvascutar SyXtm JV. Chapter 4; Am. Phy- 
liol, Soc., Washington. DC (198*), 103-164. 

2. Oospodarou/iet. D: Control of vascular 
endothelial cell proliferation and respiration. 
Cryer. A (Editor): Btochtmicai Interactions at 
0\s Endothelium. New York, Eiicvier (1983), 



266 



3. Mohammed, SF. RO Maron, E HidViW. J 
Shively. Healthy and impaired vascuUr 
endothelium, U=lo. A (Editor): Wtfr- 
let Funciton and Medicinal Chemutry. Elsev- 
ier Siomedica (1984). 129-174. 

4. Baldwin. WVUII: Tub symbiosis of immuno- 
competent and endothelial ceils. Immunol. 
Today 3 (I982)> 267. 

5. Bowman. C. MH Wiue. CL Wilte. el al: 
Cystic hygroma reconsidered: Hamartoma gt 
neoplasm? Primary culture of an endothelial 
cell line frojn a massive cerMcome<iiasUnaJ 
cystic hygroma with bony tym phacoma- 
tosis. Lymphology 1? 15-22. 

6. Johnston. MG. MA Walker: Lymchat*: 
endothelial and am ootA -muscle cells in Ussua 
culture. In Vitro 20 (19*4). 566-372. 

7. Gnepp, DR, W Chandler Tissue culture of 
human and canine thoracic duct endotheli- 
um. In Vitro 21 (J9&S), 200-206. 



S. Way. D, M Hendrix. M Witta, el al: Lym- 
phatic endothelial celt line (CH3) from a re- 
current retroperitoneal lymphangioma. In 
Vitro 25 (1937X 647-652. 

9. Witte, MH, CL Wilte: Lymprwngiogenesis 
and Ivmphclogic syndromes. Lymphotogy 19 
(1936), 21-23. 
10. Folkman, J: Tawa/d an understanding uf 
angiosane;i?: Search and di:covery. Perspcet. 
Biol. Med. 29 (I9S5), 10-32. 

Marlya H, "Wiltc, M.D. 
Dcpartmcni of Surgery 
University of Arizona 
College of Medicine 
1501 North Campbell Avenue 
Tucson. AZ 85724 



I 



PR. M, 
lalk abou 
between t- e 
DR. RYAt 
he think* *h 
having to '.1 
found a f in 
DR. MOKl 
quite obv w 
cueed on h 
But, Yv* a 
because t ;e 
ting out • f 
being fac tit 
fflation v 'Jy 
the enti? \c 
cant get m 
cue of I vc 
cell mijr :ti 
associate \ 
can gel 
sheep rx 
node thi 
occurs v 
athymic 
have be i 
that the m 
located i 
and hig i 
rodenLs, n. 
that yoi c 
where » >e 
taking ]-;m 
- It'j not *n 
lial slrv.U 
has bec 
DR. R 
en doth* 
with a( 
any 
nudjej <« 
vessels a 
and ti> c 
w»y? 

DR. MO 
has dc e 
perrnei 
patch t 
thai ti 
sels th 
tcnuor 
sented 
mixe 



I 

.at 

■si 



i 



TOTP.L P. 11 



COMMONWEALTH OF AUSTRALIA 
(Patents Act 1990) 

IN THE MATTER OF : Australian 
. Patent Application 696764 
(73941/94). In the name of: 
Human Genome Sciences Inc. 

- and - 

IN THE MATTER OF : Opposition 
thereto by Ludwig Institute for Cancer 
Research, under Section 59 of the 
Patents Act. 

Annexure GBC-23 

This is Annexure GBC-23 referred to in my Statutory Declaration made- this 
Thirteenth day of December 2000. 



Gary Baxter Cox 



WITNESS: /%>Cj ^ 



Patent Attorney 



